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Abstract 
Silicone oil, a lubricant in pharmaceutical containers, has been implicated as a risk factor 
for protein formulations because of its tendency to cause protein aggregation and/or 
particulate generation. Due to a lack of published data in this area, it is not clear as to 
what extent this risk can be generalized across protein pharmaceuticals. A fundamental 
understanding of the factors that influence protein-silicone oil interactions can help in 
better understanding the implied risks to drug product stability. The technique of quartz 
crystal microbalance with silicone coated quartz crystals, mimicking the lubricated 
syringe surface, was used for the studies. The frequency (F) and resistance (R) signals 
were measured to determine the mass adsorbed and property of adsorbed layer, 
respectively. The effect of processing parameters on the physical stability of silicone oil 
coating against leaching was studied. The application of an optimized silicone amount 
and using silicone of higher viscosity significantly improved the coating stability. 
Adsorption studies for a Fc-fusion protein as a function of solution pH (3.0-9.0) at 10 and 
150 mM ionic strength indicated the role of both electrostatic and hydrophobic forces in 
governing protein adsorption at silicone oil/water interface. The adsorption of the protein 
caused a small change in the R value, and was irreversible to a significant extent. This 
rigidity suggested strong protein-silicone oil interactions, potentially resulting from the 
 Nitin Dixit - University of Connecticut, 2013 
protein denaturation at the hydrophobic interface. The inability of the nonionic 
surfactants to displace the adsorbed protein, when studied in sequential mode, supported 
this argument. However, surfactants were effective in reducing the interfacial protein 
adsorption when present as pre-adsorbed species. The total mass adsorbed at silicone 
oil/water interface from a mixture of protein and surfactant implied the absence of 
surfactant binding to protein as a mechanism in affecting the interfacial protein 
adsorption. The lack of any measurable binding between protein and surfactant in the 
bulk, using dynamic surface tension studies, supported this hypothesis. The overall 
results demonstrated that controlling the variables related to silicone oil is important to 
reduce the free silicone oil in a formulation, and how favorable solution conditions could 
be chosen to minimize the protein-silicone oil interactions.   
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Introduction, Aims and Organization of the Dissertation 
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1. Introduction  
Protein pharmaceuticals, especially monoclonal antibodies (mAbs) and fusion proteins, 
have gained significant importance in the treatment of various oncological, 
immunological, and inflammatory disorders.  In the current US market, there are 34 
mAbs and 6 fusion proteins which are approved by FDA for human use,1 with more than 
900 biotechnology products in development in US alone. During manufacturing, 
therapeutic proteins encounter different interfaces at various stages associated with 
expression, purification, filtration, filling, freeze-thaw, transportation, storage and 
delivery processes. The contact of protein molecules to the interfaces can cause protein 
denaturation, and in the long term can lead to protein aggregation.2,3 This is a concern as 
protein aggregates result in a loss of protein biological activity and may induce 
immunogenic effects when injected into the human body.4   
A silicone oil/water interface is commonly encountered by protein molecules because 
silicone oil is used as a lubricant in pharmaceutical containers, prefilled syringes and 
rubber stoppers, to improve their processability and/or functionality.5 Over the past 
several years, prefilled syringes have become a preferred storage/delivery container for  
protein formulations.6 This is due to several advantages such as accurate dosing and 
reduced handling requirements, which have resulted in reduced dosage errors, and 
improved patient compliance. In addition, there has been a substantial reduction in the 
overfill requirements, thereby reducing the manufacturing costs. Silicone oil/water 
interface, compared to other interfaces, poses a significantly greater risk to protein 
molecules stored /delivered through lubricated prefilled syringes. The protein molecules 
are exposed to the silicone oil for a significantly longer duration in these containers 
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(equal to product shelf life, ~ 2 years or more). Therefore, the risk of protein physical 
instability is enhanced. To overcome the protein instability associated with the use of 
silicone oil, alternatives to silicone oil are being explored including plastic syringes made 
of cyclic olefins with tetrafluoroethylene/ethylene coatings. However, the surface 
presented by these materials is still hydrophobic where protein molecules can lose their 
active structure and face the same fate as presented by the silicone oil coating. Moreover, 
the permeability of plastics to oxygen and moisture remains a concern for sensitive drugs. 
Therefore, until these alternatives become available for use on a larger scale with lesser 
associated risks, silicone oil lubricated glass will remain the material of choice for the 
pharmaceutical containers. Hence, a thorough understanding of protein interactions with 
silicone oil at a fundamental level is critical to minimize these interactions and what role 
they play in long term stability. 
 
Adsorption of a protein to the silicone oil constitutes the first step in the silicone oil 
induced incompatibilities in protein formulations. A mechanistic understanding of 
interfacial protein adsorption can help in the optimization of formulation conditions to 
reduce protein-silicone oil interactions and thus, in improving the storage stability. To 
study protein-silicone oil incompatibilities from a fundamental perspective, generally 
dispersion of silicone oil in liquid protein formulations has been used.7,8 This forms a 
dynamic liquid/liquid system, unstable over time unless surfactants are used and hence, 
cannot be considered a good model for the mechanistic investigation of protein-silicone 
oil interactions. In addition, such a system is more representative of a case where silicone 
oil is leached into the bulk. With the improvement in the silicone coating technology (e.g. 
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baking), physically more stable silicone oil films, which are less prone to leaching, can be 
obtained. In such cases, the area of concern is the solid/liquid interface present at the 
lubricated syringe surface/water contact area where protein molecules can adsorb and 
denature to cause aggregate generation. Therefore, an improved approach would be to 
directly measure and evaluate the effect of formulation conditions on the protein-silicone 
oil interactions at a static silicone oil/water interface. Such an interface will more closely 
mimic the condition of a lubricated syringe surface in contact with the liquid formulation 
phase. The binding data in combination with the stability data, obtained under the same 
formulation conditions, will help in gaining a better understanding of the role of protein-
silicone oil interactions in the storage stability of protein formulations. 
 
2. Objective and Aims 
The overall objective of this work was to investigate the factors affecting the interactions 
of a protein with static silicone oil/water interface.  
 
The specific aims of this project were: 
1. To evaluate the effect of processing parameters on the stability of silicone oil coating  
     at the gold surface. 
2. To study the effect of formulation conditions (protein concentration, pH, and ionic 
     strength) on protein adsorption to a static silicone oil/water interface. 
3. To study the effect of pharmaceutically relevant nonionic surfactants on the interfacial  
     behavior of a protein at a static silicone oil/water interface. 
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3. Chapter Organization and Outline 
Chapter 2 reviews the physical incompatibilities associated with the use of silicone oil in 
biopharmaceuticals. The wide use of silicone oil as a lubricant in pharmaceutical 
containers with respect to its physicochemical properties has been described. The 
industrial process of siliconization and the characterization of the siliconized layer are 
briefly mentioned. A discussion for the adsorption of proteins to hydrophobic interfaces, 
forces involved, factors affecting protein adsorption, denaturation of the adsorbed protein 
at the interface, and reversibility of adsorbed protein is presented. Cases from the 
literature where stability of proteins in the presence of silicone oil are studied have been 
included. Finally, solutions to minimize protein-silicone oil interactions and alternatives 
to silicone oil are discussed. 
Silicone oil leaching could occur due to the application of excess silicone oil or a poor 
coating process. This free silicone oil not only enhances the silicone oil/water interfacial 
area available for protein adsorption, it also adds to the particulate load in a formulation. 
Generating a silicone coating less prone to leaching is therefore desired. From the point 
of gaining a fundamental understanding behind generating a stable silicone coating, 
Chapter 3 studies the effect of different processing parameters on the physical stability 
of silicone coating at a surface. The stability of the silicone films were tested in distilled 
water as a function of curing temperature, applied amount, and viscosity of silicone fluid. 
This work provides a basic understanding of how the amount of applied silicone oil and 
the viscosity grade used can significantly improve the stability of the silicone oil coating 
against leaching.   
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The process involved in protein instability associated with the presence of silicone oil 
generally constitute the steps of protein adsorption, denaturation, desorption, and 
aggregation. Any of these steps could be rate limiting in the protein-silicone oil 
incompatibilities. Since protein adsorption to silicone oil is the primary step in this 
process, Chapter 4 describes the effect of formulation conditions on the amount of a Fc-
fusion protein adsorbed to silicone oil. The variables studied are bulk protein 
concentration (adsorption isotherms), solution pH, and solution ionic strength. The 
pattern of protein adsorption and the properties of the adsorbed protein layer are also 
investigated. This work provides a fundamental understanding of the role of chosen 
solution conditions in affecting the adsorption behavior of protein at the silicone oil/water 
interface. 
Nonionic surfactants are widely used as stabilizers in protein formulations against 
interfacial induced protein damage, including silicone oil.  However, the mechanism 
involved in the stabilization process remains unclear. Therefore, a fundamental 
understanding of the effectiveness of the surfactant in affecting protein-silicone oil 
interactions is desired. This would help scientists in designing formulations with 
optimum stability against interface induced protein damage, resulting in improved 
product storage stability. Chapter 5 describes the effect of Tween® 20 on the adsorption 
behavior of a Fc-fusion protein at the silicone oil/water interface. The adsorption 
isotherms for Tween® 20 at silicone oil/water interface are obtained. The effect of 
Tween® 20 on the protein adsorption to silicone oil is studied in sequential or co-
adsorption mode. The viscoelastic properties of the adsorbed protein and Tween® 20 
layers have been used to describe and compare the interactions of the two species with 
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the silicone oil. This study helps in understanding the adsorption behavior of the protein 
directly at the silicone oil/water interface in the presence of Tween® 20. 
Chapter 6 describes the competitive interactions of a Fc-fusion protein with the silicone 
oil in the presence of three nonionic surfactants, Tween® 80, Pluronic® F68 and Tween® 
20. The adsorption of the surfactants at the silicone oil/water interface is compared to 
their adsorption at the air/water interface. The adsorption of the protein to the silicone 
oil/water interface has been studied in the presence of each surfactant individually. The 
role of surfactant binding to protein as a probable mechanism in reducing protein 
adsorption to silicone oil is probed in the co-adsorption mode using quartz crystal 
microbalance. These results are compared to the protein-surfactant binding measured in 
bulk using maximum bubble pressure surface tensiometry. Since nonionic surfactants 
bind to a protein through hydrophobic interactions, surface hydrophobicity of the protein 
has been probed using ANS (8-anilino-1-naphthalenesulfonic acid) fluorescence method. 
This study is helpful in understanding and comparing the interfacial behavior of the 
pharmaceutically relevant nonionic surfactants at the silicone oil, and their efficacy in 
reducing protein-silicone oil interactions.   
Chapter 7 gives a summary of the present research work and discusses the future 
directions.   
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1. Abstract 
Silicone oil is a widely used lubricant in packaging meant for small volume injectables, 
namely prefilled syringes and rubber stopper closures for glass vials. Silicone oil is 
considered to be a risk factor in biopharmaceutical product development and needs to be 
evaluated for its interactions with a protein before a final container could be decided. 
This is because of its tendency to form protein aggregates and cause particulate 
generation in the protein solutions as evident in literature reports. The objective of this 
review is to provide a discussion at a fundamental level for the potential incompatibilities 
of protein in the presence of silicone oil. A brief description of the physicochemical 
properties of silicone oil, method of siliconization and characterization of the siliconized 
surface layer is presented. Silicone oil associated incompatibilities in biopharmaceuticals 
start with protein interacting with silicone oil/water interface, which is hydrophobic in 
nature.  Therefore, a discussion of protein adsorption at hydrophobic interfaces, forces 
involved in such adsorption, and factors that could affect this adsorption behavior is 
included. Examples of protein denaturation at hydrophobic interfaces are provided and 
discussed with relevance to denaturation of proteins at silicone oil/water interfaces. 
Reports from pharmaceutical literature, studying protein interactions with silicone oil, 
and solutions for minimizing these interactions are discussed. Finally, a description for 
the upcoming alternatives to silicone oil is given. 
 
 
Keywords: Prefilled syringes, silicone oil, protein-silicone oil interactions, protein 
aggregation, cyclic-olefins. 
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2. Introduction 
Small volume injectables constitute a significant bulk of the parenteral protein 
pharmaceuticals market. Vials and syringes remain the major choice of sterile packaging 
systems (~80-85% share of the total market) used for the storage/delivery of small 
volume bioinjectables1 and would continue to be so in the near future. Since their launch, 
prefilled syringes have established themselves as a preferred container for the 
storage/delivery of biopharmaceutical products.2 The advantages offered by prefilled 
syringes can be classified into medical related and manufacturing related.3 Medical 
advantages include (i) accurate and pre-measured dosing, (ii) ease of use (and patient 
convenience) due to reduced handling requirements, further decreasing the chances of 
dosage and medication errors, and (iii) reduced drug product contamination. The 
manufacturing advantage is mainly the substantial reduction in the cost of manufacturing 
due to exact dosing that avoids overfill required for traditional vials.3,4 Thus, 18-23% 
more doses can be produced with the saved overfills.3 These benefits, both to the patients 
and manufacturers, have resulted in a surge in the number of injectable 
biopharmaceuticals delivered through prefilled syringes.2 The sales of prefilled syringes 
are growing at an average of 13% annually,2,4 and the unit sales are expected to touch 4 
billion by 2015.5     
In both vials and syringes, lubrication is essential in order to enable, either the component 
processability during manufacturing (e.g. prevention of the rubber stopper 
conglomeration during filling procedures) or functionality during delivery (e.g. ease of 
plunger movement inside the syringe barrel).6 For the past several decades, silicone oil 
has been used as a lubricant of choice for this purpose. This is due to its several useful 
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properties such as low surface tension to permit good wetting of most solid surfaces, 
optimum hydrophobicity to form a water repellant film, good physicochemical stability, 
and proven biocompatibility. Thus, the siliconization of the pharmaceutical storage and 
delivery devices has been a common practice. 
3. Silicone oil: A molecular perspective  
Silicone fluid, commonly known as silicone oil or silicone in industry, is chemically a            
poly(dimethylsiloxane) (PDMS), with trimethylsiloxy as the terminating group  
(fig. 1) with n being the number of dimethylsiloxane units in the polymer which decides 
the molecular weight and hence, the viscosity of the silicone. The number average 
molecular weight (Mn) and n for different viscosity grades of the silicone oils are reported 
in Table 1. The unique structure of silicones results in their properties being different 
from their organic counterparts. The fundamental properties which are responsible for the 
wide industrial applications of silicone fluid in general are related to weak intermolecular 
forces, greater backbone flexibility, high bond energy, and bond polarity. 
 
3.1 Physicochemical properties of silicone oil 
3.1.1 Weak intermolecular forces and backbone flexibility: The interactions between 
the methyl groups (pendant groups in silicone) are only London dispersion forces which 
are weak, resulting in a low energy surface.7  Additionally, in comparison to 
hydrocarbons (Si-O-Si versus C-C-C and C-O-C, respectively) (i) the presence of a larger 
Si-O-Si bond angle (130o versus 112o and 111o), (ii) longer Si-O-Si bond length  (0.163 
nm versus 0.154 nm and 0.142 nm), (iii) freely rotating methyl group (due to 50% ionic 
bond character), and (iv) a greater degree of rotation about Si-O-Si bond (the rotation 
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about siloxane bonds in PDMS is virtually free, the energy being approximately 3 
kJ/mole, compared to a significantly higher 14 kJ/mole for rotation about C-C bond in 
polyethylene) 8 maintain separation in the polymer chains.9 This results in a large free 
volume. Thus, the lower intermolecular forces between methyl groups along with the 
unique flexibility of the siloxane backbone leads PDMS to attain the most stable, lowest 
surface energy configuration at the surfaces where methyl groups are presented to their 
best effect, while in other hydrocarbon polymers this relative rigidity of the backbone 
does not allow selective exposure of hydrophobic methyl group. This accounts for most 
of the surface application of PDMS.7  
An important consequence of the above mentioned properties of PDMS is a small change 
in the physical properties with a large variation in silicone molecular weights, or 
temperature. The properties of being liquid even at high molecular weights and no 
significant effect of temperature on viscosity (low viscosity-temperature coefficient; 
Table 2)10 are the examples. This free rotation and chain flexibility are also responsible 
for the very low glass transition temperature (-120 oC) and high vapor permeability of 
siloxane polymers.9  
3.1.2 High siloxane bond energy and partial ionic character of the siloxane bond: 
The siloxane bond energy (445 kJ/mole) is significantly greater than that of a carbon-
carbon (346 kJ/mole) or a carbon-oxygen bond (358 kJ/mole) due to the polarity 
associated with the siloxane bond.11 The additional energy required to dissociate the 
siloxane bond gives the thermal stability to the silicones. The large difference in the 
electronegativities of Si and O gives a partial positive charge on Si which act as an 
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electron drain, somewhat polarizing the methyl group and making it less susceptible to 
attack.7 As compared to organic counterparts, silicones are much more resistant to 
oxidative degradation (oxygen has no effect up to about 150 oC, but oxidation can occur 
in air above 200 oC unless an antioxidant is added).10 The ability of silicones to undergo 
exposure to extremes of temperature and chemicals without any degradation is a result of 
these properties. However, strong acid and base can depolymerize the siloxane chain by 
hydrolysis, to which organics are stable. This is because the partial ionic character of 
siloxane backbone renders it to undergo an electrophilic or a nucleophilic attack, which 
makes it more susceptible to hydrolysis by water particularly at extreme pH conditions.7  
3.2 Lubricating properties of silicone oil 
A lubricant has the capability of reducing friction and wear between two solid surfaces 
when introduced as a film in between them.7 The low surface energy characteristic of 
silicone results in excellent lubricating properties, with high water repellency (water 
contact angle 95o-110 o 7, ~105o 9). The low surface tension of PDMS (~20.4 N/m2 at 20 
oC)12 gives them greater spreadability, allowing formation of thin uniform films on 
surfaces. Further, a lubricant relies on the viscous effect to separate the two surfaces.       
It is also desired that this viscous effect be constant over the range of temperatures. The 
low viscosity-temperature coefficient fulfills this requirement very well. The low glass 
transition temperature of -120 oC allows siloxane polymers to stay as liquid and function 
as lubricant at low temperatures, where other materials would have solidified (Table 210).  
Lubrication is related to the thermodynamic work of adhesion which concerns the 
shearing of adhesive bonds at the interface. The low surface tension of PDMS reduces 
this work of adhesion and hence, the friction.7 
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3.3 Biocompatibility of silicones 
Silicones are shown to be markedly devoid of any toxicological problems either in 
animals13 or in humans.14,15 The dimethylsiloxane chain as such is non-cytotoxic from a 
toxicological stand point. The biocompatibility of silicones is a direct consequence of 
dimethylsiloxane molecular structure. The biocompatibility of a substance is dictated by 
the surface energy. The surface energy of PDMS is in the range of 20-30 mN/m, similar 
to many other biocompatible polymers.16 This low surface energy of PDMS reduces 
molecular and cellular adhesion, and its hydrophobic nature limits absorption of water. 
PDMS of commercial interests have essentially no measurable water solubility17 and 
hence, they could be expected to accumulate in the tissues by passing through the 
hydrophobic biological membrane. However, the high molecular weight of silicones does 
not allow for this passage and hence, they do not accumulate inside the body tissues.18   
4. Silicone oil coatings in pharmaceutical devices 
Siliconization comprises the surface treatment of the parenteral packaging component 
with the silicone. The use of silicones in pharmaceuticals dates back to 1950 when it was 
first used to coat the glass vial interior.19 The coating reduced the glass surface energy 
and formed a hydrophobic film which repelled the aqueous solution in the vial. This 
resulted in a complete draining of the vial content reducing the drug wastage. Later on, 
the use of silicone was extended to the glass syringes, rubber stoppers, hypodermic 
needles etc.  
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4.1 Silicone products used in lubrication  
Various types of medical grade silicones for parenteral packaging are available from 
different companies. The ones from Dow Corning are: non-reactive (and non-curable) 
silicone fluid, non-reactive silicone emulsion, and reactive (curable) silicone fluid.20 The 
non-reactive  silicone fluids (Dow Corning® 360) are trimethylsiloxy terminated PDMS 
of varying viscosities (20-12,500 cSt), while the emulsion (Dow Corning® 365) is 35% 
dimethicone (NF) emulsified in water using nonionic surfactants. The reactive product 
(Dow Corning® MDX4-4159) is a curable amino functional silicone polymer dispersed in 
a 50% co-solvent consisting of 85% aliphatic hydrocarbon and 15% isopropanol. While 
the first two products are meant for glass, metal, plastic and rubber, the last one is 
specifically used for surfaces where reactive groups could be available e.g. metals 
(hypodermic needles) and functional plastics. 
4.2 Silicone coating process 
Earlier the syringes were oily siliconized by spraying the silicone fluid (Dow Corning® 
360, 1000 cSt; 0.4 -1 mg/1 mL syringe) into the barrels. However, the resulting coatings 
were prone to leach silicone oil once filled with the drug solution. The method of 
siliconization has improved over time to reduce the level of this free silicone oil. The 
current method of applying the silicone coating to a surface involves spraying the pre-
cleaned substrate with silicone emulsions (Dow Corning® 365, 350 cSt, diluted with 
water for injection) followed by heat treatment in a tunnel. The parameters that need to be 
controlled during the siliconization process are pump and nozzle settings, spray volume 
and rate, concentration of silicone emulsion, tunnel temperature, length of tunnel, and 
time of exposure through the tunnel.21 The use of diving nozzle results in a more uniform 
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coating (along the barrel length) compared to that obtained with a fixed nozzle. The heat 
treatment of the coated article involves exposing it to a temperature of ~300 oC for 15-30 
minutes in a process known as baking. The introduction of baking in the siliconization 
process has resulted in a significant improvement in the physical stability of silicone 
coatings. Besides removing the residual solvent, baking also removes the moisture of 
hydration from the substrate surface resulting in a more intimate association of the 
polymeric chains of silicone to the surface. The heat energy also helps the small droplets 
or aggregates to spread out evenly to give a more uniform film because of the greater 
mobility achieved at higher temperature. Baking results in the polymerization of small 
silicone chains giving a cross linked network with greater durability than a non-baked 
silicone coated surface. Thus, a more strongly bound and durable silicone oil coating, 
achieved upon baking, has resulted in a significant reduction in particulate formation in 
the bulk. The baked-on silicone coating has also been reported to reduce the chances of 
break loose effect that can generally occur in a device with lubricant coating.22 During 
syringe storage, the rubber closure covering the plunger tip expands inside the barrel in a 
way that it displaces the coated silicone and comes in contact with inner glass surface. 
Since the stopper is now stuck on the glass wall, a much higher initial force is needed to 
make the plunger to move. This is clearly undesirable for a patient and also problematic 
for constant force autoinjector devices. With a more consistent and rigid coating obtained 
with baking process, this expanded closure is not allowed to come in contact with the 
glass surface easily and also the lubrication is maintained. Besides improving the 
physical stability of the silicone at the surface, baking also achieves the sterilization and 
depyrogenation of the container.23 The physical stability of silicone oil films at the 
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surface can also be improved by using a silicone oil grade with higher viscosity.24 A 
qualitative relation was observed between the viscosity of silicone oil and its tendency to 
leach in to the bulk, with higher viscosity silicone oils resulting in a significantly reduced 
leaching. A higher viscosity fluid is not expected to flow easily and desorb from the 
surface due to its decreased mobility associated with the polymeric units of higher 
molecular weight. Baking will further improve the stability of the coating.  
The analysis of silicone oil could be performed using Fourier transform infrared 
spectroscopy (FTIR)25,26 monitoring Si-CH3 absorbance at 1260 cm-1, or atomic 
absorption spectroscopy as elemental silicon.27  To confirm the identity, and to determine 
the distribution of silicone oil at a coated surface, confocal Raman microscopy, Schlieren 
optics, and thin film interference reflectometry have been used.28 While the first two 
techniques are very useful in the qualitative characterization of silicone oil layer,28 the 
latter has been shown to be a promising technique for the quantitative determination of 
the silicone layer thickness.28,29 Attempts have been made to understand at molecular 
level the state of the silicone post-heat curing the silicone treated glass substrate. These 
include studying the molecular weight distribution of the silicone (especially the low 
molecular weight siloxanes) using size-exclusion chromatography and high temperature 
gas chromatography,23 and investigating the chemical state of the silicone bound glass 
using X-ray and Auger photoelectron spectroscopy.30 Significant changes in the 
molecular weight distribution of the heat cured samples for the two viscosity grades (100 
and 350 cSt) of silicone oil were observed. For the 100 cSt oil, negligible amount of low 
molecular weight fraction was detected post-heat curing indicating the loss of this 
fraction due to volatilization at the high temperatures used. Small amount of PDMS with 
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chains of 25 to 45 siloxane units was however traceable. On the other hand for 350 cSt 
silicone oil, besides low molecular weight fraction, chains up to 45 siloxane units could 
not be found. This suggested silicone also suffered from the heat induced degradation of 
the larger siloxane polymer chains which was followed by the evaporation of the 
byproducts.23  Experiments involving studying the chemical state of the silicone polymer 
suggested that chemical changes occurred both in the glass and polymer upon heating.30 
Silicone oil was found to convert to an oxidized compound intermediate between SiO2 
and PDMS similar to silicone resin, polymethylsilsesquioxane (PMSSO), whereas glass 
surface layer changed to silica gel. These two results of chemical state change were used 
to suggest some covalent bond formation between Si of glass with silicone. Valence band 
analysis also supported the presence of a bound silicone layer having mixed properties of 
PDMS and PMSSO. The bonding between glass and silicone was attributed to the cross 
linking of PDMS to silanol groups on the glass surface, including hydrogen bonding 
between glass silanol and electronegative oxygen of PDMS. However, it has to be 
realized that only the monolayer of the silicone would be involved in such kind of bond 
formation with glass (fig. 2),21,31 and most of the upper layers on a coated, heat treated 
silicone surface are still extractable using a suitable solvent. Therefore, not all but the 
first monolayer of the silicone coating gets fixed to the glass surface, with all other 
polymer layers following this fixed layer being physically bound to each other. These 
layers can be prone to leaching depending on the factors such as parameters used in 
baking (temperature and time), force encountered by the coated surface during its life 
(filling and transportation), and the surface activity of the species stored in the container 
(protein and surfactant). 
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5. Protein adsorption to hydrophobic interfaces 
Proteins being amphiphilic are generally surface active in nature. Therefore, protein 
adsorption to different interfaces is commonly observed in the fields of biology, 
medicine, biotechnology and food processing.32,33 The phenomenon of protein adsorption 
has been widely reviewed.32,34-43 The consequence of adsorption of protein to an interface 
could be both undesirable and desirable. Rejection of cardiovascular implant due to 
thrombus formation,44,45 fouling of contact lenses by tear protein,33,37 and artificial kidney 
failure36 are few examples where protein adsorption is undesired. Similarly, fouling of 
ultrafiltration membranes, sea water desalination units, food processing units are negative 
consequences of protein adsorption.46 On the other hand, the adsorption of proteins has 
been utilized in chromatography for protein separation and purification, cell cultures, 
biosensors, immunoassays etc.33 In pharmaceutical systems, whereas the adsorption of 
protein to container surfaces can lead to a loss of active ingredient from the bulk, it has 
also been utilized for the controlled delivery of proteins and peptides from drug delivery 
devices.33 The use of targeted drug delivery vehicles such as liposomes is another 
example which depends on tissue and organ specific immunoglobulins. Protein molecules 
which are used as therapeutics go through different processes such as expression, 
purification, formulation, freeze-thaw, pumping, filling, transportation, and storage. 
During these steps, protein molecules encounter interfaces including air/water (pumping, 
filling, transportation, and storage) and solid/water (purification, freeze-thaw, pumping, 
filling, and storage). Whereas air/water interfaces are always hydrophobic, solid/water 
interfaces could be both hydrophobic (e.g. Teflon and silicone oil), or hydrophilic (e.g. 
glass, modified chromatographic silica, and polyvinylidene fluoride membrane in filters).  
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As shown in scheme 1, the adsorption of the protein to the silicone oil/water interface 
constitutes the first step in the protein aggregation that could potentially occur due to 
silicone oil. Therefore, studying the protein binding to the silicone oil/water interface 
under different solution conditions (bulk protein concentration, solution pH and ionic 
strength) could help in identifying what bulk solution factors influence the protein 
affinity to the silicone oil. Binding data could then be used in conjunction with stability 
data under the same formulation conditions to better understand the role of protein-
silicone interactions on the storage stability of the protein. However, the major challenge 
lies in the lack of quantitative techniques to determine the amount of protein bound to the 
silicone oil.26 This is because the amount of protein adsorbed to different polymeric 
surfaces and pharmaceutical glass containers is extremely low (~ng-μg/cm2).32,47 Thus, 
quantitation of the amount bound to the surface requires high resolution and accuracy. In 
general, two approaches can be utilized. First, creation of large interfacial area where the 
amount of protein bound is large enough to be quantified using common spectroscopic 
techniques (solution depletion method). Second, a sensitive analytical technique with the 
required resolution can be used. For creation of large interfacial area, silicone oil 
emulsions have been utilized.26,48,49 The dispersion of oil droplets in the aqueous phase 
generates a thermodynamically unstable and a dynamic system consisting of fluid-fluid 
interface where the interfacial area can change in a relatively rapid manner leading to 
emulsion instability caused by oil droplet flocculation/coalescence. An alternative and 
improved approach would be the direct measurement and evaluation of the effect of 
formulation conditions on the protein-silicone oil interactions using a sensitive analytical 
technique which can also utilize a static solid-liquid interface. Such an interface would 
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more closely mimic the conditions of a lubricated syringe in contact with the liquid 
formulation phase.  Different techniques with high sensitivity have been reported for the 
characterization of the protein-substrate interactions. These include but are not limited to 
ellipsometry,50 quartz crystal microbalance (QCM),51,52 surface plasmon resonance 
(SPR),53  radio labeling,54 total internal reflection fluorescence (TIRF),55,56 and X-ray 
photoelectron spectroscopy (XPS).57,58  
5.1 Factors affecting protein adsorption 
The potential factors that impact the adsorption of protein to interfaces include the 
surface and structural properties of the protein, the interface, and the solution conditions. 
With regard to protein, its size, surface charge, hydrophobicity and structural stability are 
important. For the interface, generally hydrophobicity and the presence of surface 
charges are governing. Solution conditions such as protein concentration, pH, ionic 
strength, and the presence of excipients play important role in influencing the protein 
adsorption. Solution conditions can generally affect the properties of the protein or the 
interface or both. 
5.1.1 Hydrophobicity: Adsorption of proteins from the aqueous solution to hydrophobic 
interfaces is considered mainly to be entropically driven.59,36 A direct correlation between 
protein surface hydrophobicity and its adsorption to hydrophobic interfaces has been 
shown for the studies conducted at solid-liquid36,60 and liquid-liquid interfaces.61 
However, in some cases, the aforementioned correlation was found to be missing. Among 
the various interfaces studied, BSA51,59 and fibrinogen51 showed lesser binding to 
comparatively more hydrophobic solid-liquid interface. β-lactoglobulin in spite of 
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possessing higher hydrophobicity at pH 3.0 showed least surface activity at oil/water 
interface compared to other solution pH.62 This was attributed to its rigid structure at     
pH 3.0.  
5.1.2 Bulk protein concentration: The effect of bulk protein concentration on the extent 
of interfacial protein adsorption can be described via adsorption isotherms. An adsorption 
isotherm is obtained by measuring the depletion of the solution protein as a function of its 
equilibrium bulk concentration at a constant temperature. It can be used to obtain 
adsorption affinity to the interface, protein concentration achieving interface saturation, 
and orientation of the adsorbed molecules. If the molecular dimensions are known, the 
plateau amount of the adsorbed protein obtained from such an isotherm is useful in 
determining whether the protein molecules adsorb to the interface in a monolayer or 
multilayer pattern. This is dependent on the conformation of the molecule, affinity of the 
protein to the interface, and the lateral interactions between the molecules. On different 
hydrophobic interfaces the protein adsorption rises sharply at low bulk protein 
concentrations, which is followed by a plateau at higher concentrations.51,56,60,63-68  
Studies conducted on the adsorption of β-lactoglobulin at methylated silicon,50 albumin 
on siliconized glass,69 and Fc-fusion protein at silicone oil70 have also shown this type of 
adsorption behavior.  
Different models have been used to fit the interfacial protein adsorption data71 and 
include, but not limited to Langmuir,50,51,66,67,72 Freundlich,73,74 and random sequential 
adsorption (RSA)75,76 models.  In many cases of protein adsorption studies, the 
equilibrium relationship between the adsorbed mass of protein and bulk protein 
concentration tends to follow the Langmuir type adsorption behavior suggesting the 
26 
 
protein adsorption to be monolayer. Langmuir monolayer adsorption model also gave a 
good fit to the adsorption isotherms for a Fc-fusion protein at silicone oil/water interface 
under all the studied pH and ionic strength conditions.70 Monolayer adsorption was also 
inferred (using RSA model) from the amount of proteins adsorbed to the silicone oil in 
the studies where silicone oil emulsions were used.26,49 The Langmuir treatment of data 
however, has been argued on the basis that adsorption of protein in most cases is 
irreversible on the time scale of measurements and hence, a Langmuir-based modeling of 
the data is inappropriate.36,77  The irreversibility of adsorption has been attributed to the 
structural changes in protein that occur upon interfacial adsorption. This causes the 
protein to optimize its interactions with the interface through multipoint attachment. 
Therefore, though the activation energy barrier for adsorption is small, a protein molecule 
has to overcome a much larger activation energy barrier for desorption. This leads to a 
slower protein desorption kinetics. Although protein desorption under pure buffer 
environment was not observed, adsorption studies with radiolabeled proteins have clearly 
shown that a dynamic equilibrium exists with protein molecules arriving and leaving the 
interface at equal rates,54,78 realizing the concept of Langmuir fit to adsorption data. 
Whether Langmuir model should be rigorously applied to obtain quantitative affinity 
constants remains debatable. This is because many original assumptions of Langmuir 
application, such as each molecule occupying single site and no intermolecular solute-
solute or solute-solvent interactions are clearly not met in the case of protein adsorption. 
In spite of these, the affinity of a protein under different solution conditions can be 
qualitatively compared based on the initial slopes of adsorption isotherms.65  
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Though the monolayer interfacial protein adsorption is more common, it is not universal. 
The adsorption of BSA on two hydrophobic surfaces, poly(methyl methacrylate) and 
siliconized glass, showed a continuous rise in the adsorption with increasing bulk 
concentration without reaching any saturation.59 The adsorbed amount of BSA was 
significantly higher than that is possible theoretically for monolayer adsorption in 
different orientations.59  In a recent study, the adsorption of two monoclonal antibodies 
with different hydrophobicity was studied at Teflon and polystyrene surfaces at low        
(1 mg/mL) and high (50 mg/mL) concentrations.79 For both the proteins a significant 
increase in the interfacial adsorption was observed at higher concentration. This increase 
in the adsorption was due to the accumulation of reversibly adsorbed layers on the top of 
irreversibly bound protein layer. The reversibly bound amount was greater for the protein 
which had a tendency to undergo self-association in the bulk.  
5.1.3 Protein surface charge:  The charge and its distribution on the surface of a protein 
molecule can affect the protein adsorption to the hydrophobic interfaces through its effect 
on protein-protein interactions.59,80 Increasing net charge on the surface of protein 
molecule may reduce its adsorption to the interface as charge-charge repulsions among 
the adsorbed molecules will increase. Also, with increasing net charge, a protein 
molecule can be in a more extended conformation due to intramolecular repulsions, 
which could lead to a decrease in adsorption due to a relatively large area required by the 
expanded molecule for adsorption.59 However, some reports suggest that adsorption is 
governed by the structural rigidity of the protein molecule rather than charge-charge 
interactions.65,81 HPA, a flexible protein, showed pH dependent adsorption to the 
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interface while, RNase, a rigid molecule, showed pH independent adsorption to the same 
interface. 
5.1.4 Solution ionic strength: Salts are often employed in protein formulations for 
adjusting the solution tonicity, and for maintaining the ionic strength of the formulation. 
If the protein carries net surface charge at a given condition, then on a hydrophobic 
interface, increasing ionic strength should increase the adsorbed amount.59,82 This is due 
to the shielding of the surface charges by the oppositely charged salt ions, resulting in a 
reduction of double layer thickness, allowing closer packing of the protein molecules. 
However, lower concentrations of salt have an effect on the protein solubility as well 
(salting-in), in which case the surface activity of the protein and hence, its interfacial 
adsorption is expected to decrease. Nonetheless, no general rule exits for the adsorption 
under different ionic strengths. Soderquist and Walton studied the surface saturation 
concentration and the desorption behavior of albumin, γ- globulin and fibrinogen on 
different hydrophobic surfaces at 130 and 260 mM ionic strength and pH 7.4.83 The effect 
was found to be protein and surface specific. For γ-globulin, the plateau surface 
concentration (amount adsorbed at surface saturation) decreased significantly at 260 mM 
along with an increase in the bulk protein concentration that was required to achieve this 
plateau. Moreover, the rate of γ- globulin desorption at the interface also increased 
significantly on increasing the ionic strength to 260 mM. On the other hand, fibrinogen, 
upon increasing the ionic strength to 260 mM, showed a significant increase in the 
amount adsorbed at saturation with the bulk concentration required to achieve this 
saturation showing a decrease. The effect of ionic strength on albumin was variable 
depending on the interface. Addition of salt to protein formulations is a common practice 
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and thus, it is important to investigate the effect of salt on protein adsorption to different 
interfaces, including silicone oil/water. 
 
5.2 Forces governing protein adsorption 
The two major forces through which protein molecules can interact with an interface are 
electrostatic and hydrophobic. The amino acids constituting the protein molecules, 
depending on their pka and solution pH, will be ionized to different extent and hence 
carry charge. If the groups on the interface have ionization capability, they also will be 
charged and the protein molecules then can bind to the interface through electrostatic 
interactions between the opposite charges. However, when the interface is uncharged and 
nonpolar, hydrophobic interactions mainly drive the adsorption process. Additionally, the 
structural stability of the protein has also been suggested to govern protein adsorption. A 
hard protein (high structural stability) will adsorb to a charged surface only when it is 
favorable electrostatically. However, a soft protein (low structural stability) will adsorb 
even under the condition of electrostatic repulsion because of the large entropy gained on 
the surface by the structural change.68 
In order to understand why proteins adsorb to hydrophobic interfaces, it is essential to 
know the forces that keep the protein in its native state in the solution. For a globular 
protein, up to 70% of the polypeptide chain may be involved in formation of α-helix or β-
sheet.36 Since formation of these secondary structures results from hydrogen bonding 
between the peptide units, it decreases the rotational mobility of polypeptide chain, 
resulting in a significant loss of conformational entropy. However, the entropy gain 
resulting from the dehydration of the nonpolar groups upon folding of protein to a 
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compact structure outweighs this conformational entropy loss resulting in a folded 
protein structure in the solution.  Nevertheless, the folded protein structure is only 
marginally stable (~10 kcal/mole for an average globular protein, equivalent to few 
hydrogen bonds).33 When protein encounters a hydrophobic interface, it readily adsorbs 
to it. This is driven by two main factors: (i) the removal of structured water around the 
nonpolar groups on the protein (and also from the sorbent surface) upon adsorption, and 
(ii) the structural rearrangements that are possible in the protein molecules at the 
interface. Both of these result in a large gain in the system entropy. Once the protein is 
bound to the hydrophobic interface through nonpolar residues on its surface, it not only 
removes those nonpolar groups from water exposure, but also changes its structure 
(optimizing its surface interactions by increasing the number of contacts with nonpolar 
interface through hydrophobic residues) to the large volume denatured state, gaining the 
lost conformational entropy. Hence, in spite the fact that protein is in soluble state, it can 
bind to a hydrophobic interface when exposed.  
5.3 Surface denaturation upon interfacial adsorption 
The structural change that can occur in a protein molecule upon interfacial adsorption is a 
concern for the biopharmaceuticals. Structurally altered molecule can result in bulk 
protein aggregation over time, enhancing the risk of immunogenic reactions if injected 
into the body.84 Different studies have shown that protein can undergo denaturation at the 
interface. Haynes and Norde probed the conformational changes in lysozyme and α-
lactalbumin on polystyrene and hematite (α-Fe2O3) surfaces using enthalpy and heat 
capacity changes in a micro-differential scanning calorimetry (micro-DSC).85 It was seen 
that both lysozyme and α-lactalbumin denatured to a significant extent upon adsorption to 
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hydrophobic polystyrene. However, the same proteins showed different behavior on 
variably charged hydrophilic hematite surface. Lysozyme, a hard protein, lost only a 
fraction of its structure, whereas, a soft protein, α-lactalbumin, denatured completely.85 
Recombinant factor VIII, compared to the bulk molecules, showed a shift of wavelength 
maximum to longer wavelengths upon adsorption to hydrophobic silica as measured with 
fluorescence emission spectroscopy.86 This suggested the more polar environment of 
tryptophan due to significantly altered tertiary structure. This altered structure also 
resulted in a reduced biological activity of the protein as measured by activated partial 
thromboplastin time.86 The conformational changes in insulin upon adsorption to Teflon 
particles were studied using circular dichroism (CD) and fluorescence spectroscopy.56 A 
decrease in the α-helix and an increase in the random coil conformation, with a change in 
the local tryptophan environment, were seen for insulin in the adsorbed state. The thermal 
stability of adsorbed insulin changed compared to insulin in the bulk. In the DSC 
thermograms, a single and very broad transition was seen for adsorbed insulin compared 
to the distinct transitions seen for the protein in solution. The denaturation of protein in 
the adsorbed state was seen to be starting close to the room temperature, indicating the 
presence of heterogeneous population of insulin with some degree of unfolding in the 
adsorbed state.56 The conformational changes in the polystyrene bound fibrinogen were 
determined using immunoenzymological assay with the help of a monoclonal antibody.87 
Conformational changes in the adsorbed fibrinogen resulted in the exposure of an epitope 
on the D fragment of the fibrinogen for which the specific antibody has affinity as seen in 
the assay. A significantly altered structure of fibronectin on silane modified silica,88 and 
conformational changes in hemoglobin upon adsorption to polystyrene89 have also been 
32 
 
seen. Other studies also have shown the denaturation of the protein upon interfacial 
protein adsorption.90,91 
The question remains if the denatured protein molecule regains its native structure upon 
desorption? Soderquist and Walton extensively studied the structure of three plasma 
proteins - albumin, γ-globulin and fibrinogen upon desorption from the different co-
polypeptide (amino acid copolymers) and silicone surfaces under different pH and ionic 
strength conditions.83 CD analysis of the surface desorbed proteins showed a marked 
decrease in the α-helical content for albumin and fibrinogen, whereas γ-globulin lost most 
of its β-sheet structure. The reduction in the native structure was found to be time 
dependent, where a greater structure loss was seen with protein molecules which stayed 
longer at the interface. In a separate study, CD and DSC were used to study the structure 
and thermal stability of BSA upon homomolecular displacement from silica and 
polystyrene particles.92 Whereas the structural perturbations induced by silica were 
completely reversible, it was seen that BSA desorbed from the hydrophobic polystyrene 
surface has undergone a significant irreversible structural change. It was suggested that 
upon adsorption to polystyrene, protein molecules opened up their hydrophobic core and 
upon desorption intermolecular aggregation through those hydrophobic patches are likely 
to occur before protein could refold.  
5.4 Reversibility of the adsorbed protein 
The protein aggregation in the bulk that could occur in the presence of silicone oil is 
dependent on desorption of the altered protein molecules at the interface to the bulk 
(scheme 1). The alteration of structure in the adsorbed protein molecules has been seen in 
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many cases (section 5.3) however, in most of the protein adsorption studies at the 
hydrophobic interface, adsorbed protein molecules do not desorb on diluting the system 
with the solvent,54,56,65,72,93,94 including silicone oil.70 Thus, they are assumed to be 
irreversibly adsorbed. Now the question arises, why the aggregation has been seen in the 
presence of silicone oil? A probable answer could be found in the earlier work, where the 
exchange of the interfacially adsorbed protein molecules with the molecules in the bulk 
was studied.33,95 The studies also help us to understand and distinguish between protein 
desorption and protein exchange at the interface.  
The reason for the irreversibility of adsorbed protein in the pure solvent is attributed to 
the tendency of protein to undergo conformational changes at the interface with time and 
making multipoint attachments. This requires the protein to overcome a high energy 
barrier in order to desorb from the interface. This, therefore, seems to be an improbable 
event on a given time scale. However, if protein molecules are also present in the bulk, 
the adsorbed protein molecules could undergo a dynamic exchange process with the 
molecules in solution.96-98 This is because even a partial adsorption of the molecule in the 
bulk at the vacancy created by partial desorption of the already adsorbed molecule can 
create an environment where competition between the molecules is possible. Over the 
period of time, the approaching molecule can optimize its interaction this way and can 
result in the displacement of the previously adsorbed molecule. It has to be noticed that 
this kind of exchange would be thermodynamically much more feasible than the protein 
desorption in pure solvent. Such an exchange has been shown in different protein 
adsorption studies. Brash et al. studied the reversibility aspect of albumin on polyethylene 
surfaces using radioactivity measurements.78 The radiolabeled (125I) albumin was 
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irreversibly adsorbed when desorption was studied in pure solvent. However, the results 
from the exchange studies, where 131I albumin was added to the bulk, clearly showed a 
gradual decrease in the content of 125I albumin at the interface with a simultaneous 
increase in the interfacial 131I protein. This suggested a dynamic equilibrium with equal 
rates of adsorption and desorption at the surface. The extent and the rate of this turnover 
were found to increase with an increase in the bulk protein concentration and shear rate. 
In another study, similar exchange of IgG molecules at the latex surface was shown using 
single radiolabeling technique, where the exchange process followed a first order kinetics 
with respect to bulk IgG molecules.99 Homomolecular exchange of albumin on 
polystyrene has also been seen indirectly by measuring structural changes in the bulk 
after surface exposure of the protein.92  Besides exchange, desorption of proteins 
(albumin, γ-globulin and fibrinogen) from hydrophobic polymeric interfaces into pure 
solvent has also been seen to varying extent.83 The amount desorbed was however found 
to be a function of the solution ionic strength, which was attributed to different 
conformational stability of the molecules in different ionic strength solutions.  
6. Physical stability of the biologics in the presence of silicone oil  
In prefilled syringes, silicone oil is available in two forms with which a protein can 
interact: surface bound and free. Surface bound silicone oil provides a static interface 
with water in a device. Free silicone oil is present because of the application of excess 
silicone oil, poor coating process, or product mishandling100 which may leach into the 
bulk.  The leached silicone oil results in a further increase in the interfacial area available 
for protein adsorption. Additionally, from a regulatory perspective, the enhanced 
particulate load because of silicone oil leaching can be a problem. 
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The silicone oil/water interface is hydrophobic, and protein, due to its surface active 
nature can interact with this interface (scheme 1). This protein adsorption results in a 
drug loss from the bulk, and can also cause protein unfolding at the interface. The drug 
loss resulting from the adsorption of protein to the interface is important for the highly 
potent low concentration protein solutions (e.g. tuberculin101).  This problem can be 
overcome by compensating the lost drug in the bulk for to inject an accurate dose.  
However, the issue of protein unfolding at the interface is critical. The protein can 
undergo interfacial denaturation with time as has been seen on different hydrophobic 
surfaces. This denatured protein can either desorb to revert back to the bulk, or stay 
adsorbed at the interface (Table 3). These both scenarios could affect the long term 
stability of the protein in a solution. If the denatured protein moves back to the solution, it 
can combine with similar molecules, leading to the formation of higher order species. 
The vacancy left by the desorbed molecule will now be taken over by the next native 
molecule to undergo the same process. This cycle of adsorption, denaturation, desorption, 
and combination with other molecules will lead to a significant aggregation over the 
storage life (~2 years) of a product stored in prefilled syringe. Even if the interfacially 
adsorbed and denatured protein molecule does not desorb, it is possible for it to attract 
other protein molecules from the bulk to cause the formation of surface aggregates. These 
surface aggregates could themselves be a potential source of protein aggregation 
observed in the bulk.  However, it is important to note that the kinetics involved in the 
process of protein aggregation is both protein and interface dependent.  
The protein instability caused by silicone oil first came into light by the reports of gradual 
cloudiness of insulin in multi-dose storage vials.102-105 This was accompanied by the 
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subsequent inability of insulin to control blood glucose. The cause of cloudiness was 
attributed to insulin particulate formation because of the contamination of the solution by 
the silicone oil. The disposable syringes used for insulin administration were lubricated 
with silicone oil which was released in the solution during dose withdrawal. Interestingly, 
though the silicone oil continued to be used as lubricant in the different storage/delivery 
containers, no reports of protein-silicone oil incompatibilities appeared in the literature 
for approximately next two decades.  With the rapid increase in the use of bio-
therapeutics, and prefilled syringes as a storage/delivery container, the interactions 
between protein and silicone oil has become an issue that now needs a greater attention. 
Recently, the increase in the intra-ocular pressure due to the repackaged intravitreal 
bevacizumab, used in age related macular degeneration (AMD), was attributed to protein 
aggregates and silicone oil microdroplets.100,106 The significant increase in the number of 
droplets occurred due to the product mishandling.  
Middaugh and coworkers studied the aggregation of 4 model proteins, ribonuclease A 
(RNase A), lysozyme, BSA, and concanavalin A (ConA), in the presence of silicone oil 
(0.5%) using changes in the optical density measurements.48 Any structural changes 
induced by silicone oil were monitored using CD and second derivative UV 
spectroscopy. A significant increase in the protein aggregation was seen in the presence 
of silicone oil. The aggregation induced in a given protein solution was both protein and 
solution pH specific. The more hydrophobic proteins (BSA and ConA) showed higher 
aggregation compared to the relatively hydrophilic proteins (RNase A and lysozyme), 
suggesting the interactions to be hydrophobic in nature. No large structural changes in the 
presence of silicone oil were observed. It was speculated, however, that a very small 
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population of total protein population might have undergone significant structural 
changes upon adsorption to silicone oil, which would not be differentiable from the bulk, 
unaltered protein molecules using the biophysical techniques employed.48  The 
formulation stability of four different model proteins (lysozyme, BSA, abatacept and 
trastuzumab) was studied in the silicone oil emulsions (1%), in the absence and presence 
of various excipients (sucrose, polysorbate 20 and sodium chloride), by measuring the 
soluble protein loss using size exclusion chromatography.26 After an initial loss of soluble 
protein due to interfacial adsorption, the protein loss was found to remain constant over 
the period of two weeks. The addition of surfactant significantly decreased the protein 
adsorption onto the silicone oil droplets, whereas, sodium chloride and sucrose caused an 
increase in adsorption. This increase in adsorption due to sodium chloride was attributed 
to the dampening of electrostatic repulsions between the protein molecules, resulting in 
closer adsorption of protein molecules at the interface. Sucrose, on the other hand is 
known to cause an increase in the interfacial tension due to the preferential exclusion 
phenomenon, and facilitated more protein adsorption to reduce the high interfacial 
energy. Although protein adsorption to silicone oil droplets was observed, upon static 
incubation of the protein solutions no protein aggregates (soluble or insoluble) were seen. 
Though static incubation of the studied proteins did not show any incompatibility in the 
presence of silicone oil, shaking can enhance the rate of aggregate generation.107-109 This 
is because the stress encountered by biologics during shipping can cause protein 
aggregation because of a continuous and excessive air/water interface generation which 
provides a hydrophobic site for proteins to adsorb and denature. Therefore, the effect of 
agitation (350 rpm) on the aggregation of a monoclonal body as a function of 
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temperature, pH and ionic strength in the presence of silicone oil (1.5%) was studied.49 
The combined effect of agitation and silicone oil was found to be synergistic in causing 
aggregation in comparison to the control.  It was observed that the colloidal and not the 
conformational stability of the protein in bulk solution related to the aggregation 
observed in the presence of silicone oil.   
The above mentioned studies were performed using a significantly higher silicone oil 
concentration (0.5-1.5%) or agitation rate (350 rpm) that a protein would ever actually 
encounter during its shelf life. Auge et al. studied the stability of a fusion protein, 
albinterferone alpha-2b, in glass barrels siliconized with varying and close to real world 
amounts of silicone oil.110 In the presence of shaking stress equivalent to that would be 
encountered during product reconstitution and patient use, and siliconized surfaces, 
enhanced level of protein aggregation was not observed. FTIR and CD studies of the 
system indicated the absence of any significant structural changes in the protein 
molecules. The increase in the subvisible particle counts found in the active samples, 
compared to placebo, was attributed to the higher level of silicone oil applied, and not to 
the presence of protein aggregates. In another study, the effect of syringe surfaces, bare 
or coated with silicone oil and a propriety lubricant, was studied for a fusion protein 
(abatacept), recombinant protective antigen and antistaphylococcal enterotoxin B (anti-
SEB) monoclonal antibody, at low to high protein concentrations.111 The visualization of 
silicone oil droplets and aggregates formed in prefilled syringe were done using micro-
flow imaging (MFI) technique. During different incubation periods, siliconized syringes 
were found to have significantly increased subvisible particle counts when filled with 
protein solutions compared to bare surface or surface with propriety coating. This was 
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attributed to silicone oil sloughing in the bulk. Abatacept, the most sensitive to silicone 
oil among all, also developed visible particles with fibrous structure within 20 minutes 
after the syringe filling indicating the deleterious effect of silicone oil on biologics.  
Abatacept though also formed visible particles in other syringe surfaces, but at a 
significantly slower rate. Anti-SEB, on the other hand, showed signs of incompatibilities 
in the presence of silicone oil only upon shaking. With abatacept as a test, the protein 
aggregation behavior upon exposure to silicone oil coated on quartz crystals was 
monitored.112 It was found that the exposure of abatacept to silicone oil at 40 oC, resulted 
in a significant increase in the aggregates compared to abatacept in the absence of 
silicone oil. Addition of polysorbate 80 reduced the protein aggregate level to the 
aggregate amount measured in the absence of any silicone oil.  However, no such 
aggregation was observed for the studies conducted at 25 oC.  In a study where the 
siliconized syringes were used for reconstitution of the drug product, thread-like, 
gelatinous particles in the solution were seen in less than an hour.113 This was attributed 
to the interaction of the protein with silicone oil. This particulate formation was absent 
when non-siliconized syringes were used for reconstitution. 
The above mentioned studies indicate that no general rule can be established for the 
potential incompatibilities in proteins that could result due to the presence of silicone oil. 
Some proteins were found to show adverse signs immediately after coming in contact 
with the silicone oil, while others did not show any instability over longer periods. The 
presence of additional shaking stress, depending on its magnitude, showed variable 
results with enhanced rate of shaking increasing the propensity of aggregate formation. 
These results indicate that the deleterious effect of silicone oil is protein dependent with 
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different kinetics involved in the process of aggregation. Therefore, a case to case based 
assessment of the impact of silicone oil on proteins is desired. Nonetheless, the protein 
properties such as hydrophobicity and structural stability can definitely be used to 
differentiate, qualitatively, between the two molecules for their sensitivity towards 
silicone oil.   
7. Overcoming silicone oil related incompatibilities 
As mentioned previously, the stability issues presented by silicone oil in 
biopharmaceuticals are case dependent. However, the presence of silicone oil can 
potentially cause concerns such as aggregation or particulate generation which need to be 
tested during pharmaceutical development. Therefore, either it is desired to somehow 
inhibit/minimize these protein-silicone oil interactions or to find an alternative to silicone 
oil. 
7.1 Minimizing protein-silicone oil interactions: Glass remains the preferred material 
for the parenteral pharmaceutical packaging. Glass requires lubrication, and silicone oil 
due to its physicochemical properties fulfills the criteria of a preferred material. External 
lubricants inherently are hydrophobic and the substitute for silicone oil can also denature 
the protein at the lubricant/water interface.  Additionally, if similar amount of lubricant 
(as for silicone oil) would be needed to get optimum lubrication, shedding of the particles 
may still remain a problem.  Therefore, until glass is used as a container with silicone 
lubrication, it is important to understand the protein-silicone oil interactions and find 
solutions to minimize them.   
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The starting step to minimize the protein-silicone oil interactions should be to reduce the 
silicone oil that could be available for protein to interact with in a container. Whereas the 
coated silicone is required to provide lubrication, the silicone that leaches out is a 
problem because it increases the silicone oil/water interfacial area. Therefore, attempts 
should be made to minimize the latter. This can be done by minimizing the amount that is 
applied to the interior of the glass barrel of syringe, without compromising the lubricating 
properties. This requires extensive optimization studies for the silicone amount and 
desired lubrication on the manufacturer’s side. In addition to applying an optimum 
amount, using a silicone oil of higher viscosity grade can help in minimizing the 
particulate generation over long term. Including the steps such as baking during the 
siliconization process has significantly decreased the free silicone oil available for 
interactions with protein in a container. 
Protein interactions with silicone oil are mainly hydrophobic in nature similar to those 
governing protein adsorption at air/water interface. Nonionic surfactants have been used 
to minimize the interactions at air/water interfaces. Therefore, these surfactants should 
also be helpful in minimizing the interactions between protein and silicone oil. This 
indeed has been seen for different proteins at the silicone oil/water interface, whether 
silicone oil is present as a coating112,114 or is dispersed as droplets in the form of 
emulsions.26,49 Different mechanisms have been proposed for the effectiveness of 
nonionic surfactants in stabilizing protein formulations against interfacial denaturation. 
The main being the competition between surfactant and protein molecules for the 
common interface,108,115,116 and interaction of the surfactant with protein through its 
hydrophobic sites to prevent the potential interfacial protein adsorption.107 In case of 
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silicone oil, the preferential adsorption of the surfactants over protein to the interface has 
been either concluded26,49 or seen experimentally.112,114 Colloidally favorable formulation 
pH and ionic strength conditions can also be chosen to reduce the protein adsorption to 
silicone oil70 and the resulting aggregation.49 
7.2 Alternatives to silicone oil: Due to growing concern with silicone oil, either related 
to the stability (protein aggregation) or to regulatory (subvisible particles), much research 
is focused upon finding alternative materials such as plastics. Several companies (Schott 
TopPac®; BD Sterifill SCF™; West/Daikyo Crystal Zenith® and Gerresheimer/ Taisei 
Kako Clearject™)117 now offer syringe barrels made of cyclic olefin polymer (COP) or 
copolymer (COC), which are as clear as glass but less heavy and less likely to break. 
Though these polymeric materials still need siliconization to ensure the syringe 
functionality, COC can be lubricated with approximately 10-fold less free silicone oil on 
the barrel surface, without compromising the break loose and gliding forces.117 However, 
completely silicone-free COP syringes are also available. West Daikyo CZ® is a silicone 
free syringe, where the cap and plunger are coated with Daikyo’s FluroTec® coating 
(copolymer film of tetrafluoroethylene (EFTE) and ethylene) which provide excellent 
piston release and travel force without silicone.1 The low surface energy of 
fluoropolymers film provides lubrication without the need for silicone oil and eliminates 
the particulate contamination due to silicone oil.118 This coating also reduces leachables 
and extractables from elastomeric components of the syringe.   
Cyclo-olefins syringes, though have advantages such as clarity, light weight, less prone to 
breakage or metal ion leaching, they are much more permeable to oxygen and 
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moisture.117 Oxygen permeation over storage time may be deleterious to oxidation-
sensitive proteins whereas, the permeation of moisture can be problematic for lyophilized 
products. Plastics though have to wait to reach the same acceptance level as glass in the 
pharmaceutical industry, but because of recent improvements in their design, composition 
and manufacture they continue to gain more and more ground. 
8. Conclusions 
The wide use of silicone oil as lubricant in pharmaceutical containers is a result of its 
favorable physicochemical properties. However, its hydrophobic nature and tendency to 
leach in the bulk drug solution is a concern for biopharmaceuticals stored in such 
lubricated containers. Though silicone oil is not always deleterious to proteins, the 
susceptibility of the protein for any instability in its presence is required to be tested 
during the stages of container selection, and can require further formulation optimization.  
Alternatives to silicone oil are being explored, however, these are still in nascent stages 
of development. Until then it is important to understand and minimize the potential 
interactions of protein with the silicone oil.  
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10. Figures and Tables 
  
 
 
 
 
 
Figure 1: Chemical formula of poly(dimethylsiloxane) (PDMS), trimethylsiloxy 
terminated. 
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Figure 2: Proposed mechanism for PDMS (silicone oil) binding to the glass surface. 
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Scheme 1: Silicone oil induced protein aggregation - A protein, due to its surface active 
nature, can adsorb on to the hydrophobic silicone oil/water interface (adsorption), which 
may or may not be reversible. Over time, protein can lose its active structure 
(denaturation), which is mostly irreversible. The denatured species can revert to the bulk 
and form aggregates by combining with the similar molecules in solution (aggregation). 
This cycle can continue during the storage life of a biopharmaceutical product stored in a 
prefilled syringe, leading to an increased level of aggregates over time. Controlling free 
silicone oil and use of nonionic surfactants can make the adsorption a rate limiting step in 
this process of silicone oil induced protein aggregation.     
 
 
 
 
 
Denaturation
Aggregation
Protein 
Adsorption 
Silicone oil/water interface
Protein 
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Table 1: Comparison of PDMS fluid viscosity and molecular weight versus chain length.*  
 
*Molecular weight and chain length based on the analysis of single lots of commercial 
fluids as determined by gel permeation chromatography versus polystyrene standards.    
Me stands for the methyl group. Courtesy of Dow Corning Corporation (all rights 
reserved). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PDMS fluid viscosity, 
(cSt) 
Molecular weight  
(number average) Mn 
Me3SiO(Me2SiO)nSiMe3 
n 
20 2310 29 
100 6530 86 
350 11,600 154 
1000 15,500 207 
12,500 28,700 385 
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Table 2: Viscosity as a function of temperature for silicone oil and petroleum oil.* 10 
 
*Used with kind permission of Springer Science + Business Media  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Temperature (oC) 
Viscosity (cSt) 
Silicone oil Petroleum oil 
100 40 11 
38 100 100 
-18 350 11,000 
-37 660 230,000 
-57 1,560 Solid 
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        Table 3: Implication of the type of protein adsorption and interfacial structural changes      
        on the bulk protein aggregation.  
Adsorption type Interfacial structure loss Implication on protein stability 
Monolayer, reversible No None 
Monolayer, reversible Yes Major 
Monolayer, irreversible No None 
Monolayer, irreversible Yes 
Potential 
(multilayer - surface aggregation)
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Chapter 3 
Effect of Processing Parameters on the Physical Stability of Silicone Coatings 
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1. Abstract 
Silicone oil is widely used as a lubricant in storage/delivery containers meant for small 
volume injectables. The leaching of silicone oil in bulk that can occur in contact with the 
formulation phase is a concern in biopharmaceutical industry. The leached silicone oil 
droplets not only increase the interfacial area for the protein adsorption and denaturation 
to occur, it also enhances the particulate load in the formulation which is problematic 
from a regulatory perspective. The purpose of this work was to gain a mechanistic 
understanding of the effect of different parameters on the stability of silicone coating 
against leaching.  The physical stability of silicone films was evaluated in distilled water 
as a function of curing temperature, the applied amount, and viscosity of silicone fluid.  
The results showed that coating a surface with excess amount of lower viscosity grades of 
silicone can result in a considerable leaching of the silicone oil into the bulk. A 
significant reduction in this bulk leaching was observed when the coatings were casted 
using optimum silicone oil amounts.  The physical stability of silicone oil films against 
leaching was also found to be a function of the silicone viscosity, with increasing stability 
achieved upon increasing the viscosity of the silicone used for the surface coating.  
 
 
 
 
Keywords:  Prefilled syringes, silicone leaching, protein aggregation, quartz crystal 
microbalance, silicone viscosity. 
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2. Introduction 
Prefilled syringes have emerged as a container of choice for the storage and delivery of 
protein pharmaceuticals. This is due to a number of factors including greater medication 
safety resulting from reduced dosage errors, ease of use, and significantly reduced 
overfill requirements.1,2 Proper functionality of the prefilled syringes is achieved by 
lubricating the syringe barrel and plunger tip. For the past several decades silicone oil has 
been the material of choice for this purpose. Silicone oil has been implicated in causing 
enhanced protein aggregation in formulations delivered through prefilled syringes.3-5 
The process of protein aggregation in formulations stored in prefilled syringes can in 
general be hypothesized to the following steps: protein adsorption to the hydrophobic 
silicone oil/water interface, surface induced protein denaturation, desorption of the 
denatured species, and aggregate formation following association with similar molecules 
in the bulk. Since protein binding to the silicone oil constitutes the earliest step in this 
aggregation process, it is critical to inhibit/reduce this binding.   
In prefilled syringes silicone oil is available in two forms with which a protein can 
interact: surface bound and free. Surface bound silicone oil provides a static interface 
with water in a syringe. Free silicone oil is present because of the application of excess 
silicone oil or a poor coating process, which may leach into the bulk.  The leached 
silicone oil poses an additional concern as it provides an increased interfacial area for 
protein adsorption. Moreover, from a regulatory perspective, the enhanced particulate 
load because of silicone oil leaching can be a problem.6 Since the only purpose of 
silicone oil in prefilled syringes is to provide lubricity for a smooth plunger movement, it 
is important to optimize the amount of silicone oil that is applied to the surface to 
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maintain an optimum syringe gliding force without generating any excess silicone oil on 
the surface. Excluding this excess silicone oil, which is prone to leaching, will result in a 
reduction in the silicone oil/water interfacial area with which a protein can interact, 
making the protein binding to the silicone oil a rate limiting step in the process of silicone 
oil induced protein aggregation. As more and more biologics are becoming available in 
prefilled syringes, it is critical to reassess/understand the process of silicone oil coating in 
syringes. In a recent study, silicone migration from cyclic olefin copolymer syringes, 
coated with silicone, was studied as a function of curing process and formulation 
parameters,7 however, most of the work done by the industries in this area is proprietary 
and is seldom published.  
From a point of gaining a mechanistic understanding about the effect of different 
parameters on the stability of silicone coating at a surface against leaching, we evaluated 
the physical stability of silicone films in distilled water as a function of curing 
temperature, the applied amount, and viscosity of silicone fluid.    
3. Material and Methods 
3.1 Materials 
Silicone oil (poly(dimethyl siloxane),  trimethylsiloxy terminated;  PDMS) of varying 
viscosities, viz. 100 and 350 cSt (Medical Fluid® 360; Dow Corning Corporation), 1,000, 
10,000 and 1 million cSt (UCT specialties LLC) were obtained. Analytical grade hexane 
was obtained from Fisher Scientific (NJ). Deionized water equivalent to Milli-QTM grade, 
further filtered through 0.1 μm PVDF filters (Millipore, Billerica, MA) was used. 
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3.2 Methods 
3.2.1 Silicone oil coating  
AT-cut quartz crystals with optically flat polished gold/titanium electrodes with a 
fundamental resonant frequency of 5 MHz and active electrode area of ~0.40 cm2 were 
obtained from Stanford Research Systems (SRS, Inc., Sunnyvale, CA).  Crystals were 
first cleaned with Piranha solution (1 part of 30% hydrogen peroxide in 3 parts of 95-
98% sulfuric acid) and then rinsed thoroughly with deionized water and ethanol, followed 
by drying with high purity nitrogen.  The resonant frequency of the blank crystal was 
recorded.  Solutions of PDMS were prepared in hexane with desired polymer 
concentrations. The polymer solutions were then casted on 5 MHz gold plated quartz 
crystals using the method reported earlier.8 The films were then dried for 2 hours at 
different temperatures as desired, viz. room temperature (~ 22 oC), 100 oC and 150 oC. 
After drying, the resonant frequency of the polymer coated crystal was measured. The 
difference between the resonant frequencies of the uncoated and coated crystals was 
determined.  The shift in the crystal resonant frequency is directly related to the mass of 
the deposited polymer on the surface using the Sauerbrey equation (eq. 1).9 
                                                  ∆F ൌ  െ  2F୭
ଶ
Aඥρµ ∆m                                                 ሺ1ሻ    
Where, ∆F is the frequency shift (Hz), Fo is the resonant frequency of the crystal (Hz), 
∆m is the adsorbed amount (g), A is the active electrode area (cm2), ρ is the density of 
quartz (2.648 g/cm3), and µ is the shear modulus of quartz (2.947 x 1011 g/cm/s2). As per 
the equation, negative 1 Hz shift in the frequency corresponds to a mass deposition of          
~ 17.7 ng/cm2.  
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3.2.2 Testing the physical stability of silicone oil coatings  
In order to test the stability of the PDMS film in an aqueous environment, the coating 
was exposed to deionized water for different time periods (ranging from 15 minutes to 8 
hours) in static mode as follows: sufficient volume of water (~200 μL) was carefully 
placed on the PDMS coating casted on the crystal surface, avoiding any significant 
disturbances to the coating. After each given time interval, water was gently lifted from 
the surface using a micropipette, crystals were then dried using high purity nitrogen. The 
resonant frequency of the dried crystal was measured to determine the net frequency 
change due to water exposure. All the measurements were made at room temperature.  
4. Results and discussion 
QCM provides a sensitive method (~ ng/cm2) to measure the adsorption/desorption of a 
species at an interface.10 This technique was used to monitor the amount of coated 
silicone (PDMS). PDMS coatings were exposed to triple distilled water. The amount of 
PDMS used to coat a crystal was calculated based on the area of dimethylsiloxane 
monomer,11 and the active crystal area. Approximately 350 ng of the PDMS (average 
ΔF~ -50 Hz), sufficient to give a few monolayer thick and elastic coating on the crystal 
surface, was deposited. The amount deposited was further modified, if needed, as 
discussed further. 
4.1 Effect of curing temperature and deposited amount on coating stability 
The physical stability of films in distilled water, casted using 100 cSt grade PDMS, as a 
function of curing temperature is shown in figure 1. Three observations can be made 
from the graph, first, PDMS comes off the surface as the exposure time of the coatings to 
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water increases until a stable level is reached in ~2 hours. Second, there are large errors 
(>20%) associated with the mass changes upon exposure to water. Third, curing 
temperature, within error, does not seem to affect the stability of the PDMS coating 
towards water exposure. The loss of deposited polymer from the surface in water could 
be attributed to its solubility in water. However, it has been reported that there is an 
inverse and exponential relationship between the PDMS solubility and its molecular 
weight.12 A linear PDMS with n = 3 (n being the number of dimethylsiloxane monomer 
units in PDMS) and molecular weight 310, has been reported to have a solubility of ~ 70 
ppt.12 This suggests that the PDMS grades used here should have essentially no 
measurable water solubility (where n is 72 (100 cSt) and 132 (350 cSt); for other grades, 
n is unknown due to the unavailability of number average molecular weight, but should 
be significantly larger because of higher viscosity). In such a case, the possibility for the 
polymer loss could be attributed to the physical leaching of the loosely bound top 
polymer layers. The physical leaching of silicone oil can occur because of the mechanical 
shock encountered by a lubricated device during different processes such as product 
filling, shipping or freeze-thaw.5,13  Although utmost care was taken while exposing the 
coatings to water, the fluid drag was sufficient to remove the coating partially, and points 
towards the potential of silicone leaching when a coated device encounters a significantly 
larger magnitude of physical drag during the real pharmaceutical settings. Moreover, if 
solubility would have been in play, each successive exposure would have removed a 
further part of the deposited polymer from the surface and mass of the polymer remaining 
at the end of the studies should have been close to zero (all PDMS desorption). Since this 
was not observed, the leaching could only to be attributed to excessive PDMS on the 
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surface. To confirm if this indeed is the case, PDMS amount equal to that remaining at 
the surface at the end of 8 hours, ~150 ng, in figure 1 was deposited and the films were 
cured at 150 oC. This mass corresponds to ~13 monolayer thick coating, assuming 
stacking arrangement of the dimethylsiloxane chains on the crystal surface. The results in 
figure 2(a) show that deposition of an optimum amount of the polymer reduced the 
leaching significantly, and also lead to a reduction in the variability that was associated 
with each successive water exposure. Similar results were also seen with higher viscosity 
polymers viz., 350 cSt (~150 ng) and 1000 cSt (~215 ng), where leaching and large errors 
in mass changes were observed with larger deposited amounts, but reduced significantly 
upon depositing an optimized amount as shown in figures 2(b) and 2(c), respectively. The 
higher temperature can remove the water of hydration.14 This results in an intimate 
association of the polymer with the surface.  Therefore, 150 oC was used to cure the 
polymer coatings in figures 2(b) and 2(c). Temperatures above 150 oC were avoided as 
PDMS has been reported to undergo thermal degradation in air at higher 
temperatures.15,16  
4.2 Effect of polymer viscosity on coating stability 
Figure 3 shows the effect of PDMS viscosity on the physical stability of coatings in the 
presence of distilled water. The results are compared for equal amounts (~350 ng) of 
deposited PDMS, with coatings cured at 150 oC, except for 1 million cSt, which was 
cured at 100 oC. All polymer grades, other than 1 million cSt, showed an initial polymer 
desorption (during the early ~1-2 hours), followed by a leveling of mass remaining at the 
surface. This initial desorption was a function of polymer viscosity. The change in the 
initial slope was higher for the lower viscosity grades. The 1 million cSt viscosity PDMS 
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did not lose any deposited material. A silicone oil grade with a higher viscosity has a 
significantly higher mass remaining at the surface i.e. it leached to a lesser extent than the 
lower viscosity grades silicone oil. A clear trend, qualitatively, was seen between the 
polymer viscosity and its tendency to stay at the surface in the presence of water (higher 
the viscosity, higher the stability against desorption). A higher viscosity fluid is not 
expected to flow easily and hence, come off the surface because of its decreased mobility 
(increased durability). The order of increasing stability at the surface being 1 million cSt 
>10,000 cSt > 1,000 cSt > 350 cSt ~ 100 cSt. The lowest two grades i.e. 100 and 350 cSt 
were similar in their leaching behavior mainly due the their closeness in the viscosities. It 
is not possible to distinguish between 350 and 100 cSt silicones due to large error bars.  
4.3 Extrapolating the results to silicone coated on the glass surface 
In the current work, the tested silicone oil films were casted on the gold surface of quartz 
crystals. Can we expect these results to be applicable to the actual pharmaceutical 
settings, where glass is the substrate (e.g. glass syringes) to coat the silicone oil?  It has 
been hypothesized in the literature that the silicone oil binding to the glass surface 
consists of a first layer bound mostly through hydrogen bonds and a few covalent 
bonds.16,17 The additional layers are physically bound on top of each other. The silicone 
that leaches out in the bulk is from the multiple layers which are physically bound as part 
of top surface layers. In our study, where silicone is coated on the gold surface, only the 
physically bound portion of silicone is leaching out when exposed to water, while the 
layers close to gold surface are still intact (as seen by a significant amount of residual 
surface silicone oil at the end of study, figs.1-3). Therefore, despite the fact that gold was 
67 
 
used instead of glass, the overall results should be a good indicator of silicone leaching 
from various surfaces, including glass.   
5. Conclusions 
A significant reduction in the bulk leaching of lower viscosity grades of silicone oil 
(PDMS) was observed when the coatings were cast using an optimum polymer amount. 
The stability of the films against PDMS leaching was also a function of the polymer 
viscosity, with increasing stability achieved upon increasing the viscosity of the PDMS 
used. The study presented here shows that silicone can leach into a simple system such as 
water. This emphasizes the need for a careful consideration of the parameters used during 
the siliconization of the devices that are meant to store aqueous biopharmaceuticals, 
where the additional presence of surface active species, such as protein and surfactants, 
can solubilize and promote further silicone oil leaching.  
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8. Figures 
 
 
Figure 1: Comparative physical stability of 100 cSt PDMS, cured at different 
temperatures, in distilled water as a function of time. The mass has been calculated from 
the Sauerbrey equation using the frequency shifts measured with QCM (n ≥ 3). 
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Figure 2(a): Comparative physical stability of 100 cSt viscosity grade of PDMS, cured at        
150 oC, in distilled water as a function of time for different amounts of deposited 
polymer. The mass has been calculated from the Sauerbrey equation using the frequency 
shifts measured with QCM (n ≥ 3). 
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Figure 2(b): Comparative physical stability of 350 cSt viscosity grade of PDMS, cured at        
150 oC, in distilled water as a function of time for different amounts of deposited 
polymer. The mass has been calculated from the Sauerbrey equation using the frequency 
shifts measured with QCM (n ≥ 3). 
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Figure 2(c): Comparative physical stability of 1000 cSt viscosity grade of PDMS, cured 
at 150 oC, in distilled water as a function of time for different amounts of deposited 
polymer. The mass has been calculated from the Sauerbrey equation using the frequency 
shifts measured with QCM (n ≥ 3). 
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Figure 3: Comparative physical stability of different viscosity grades of PDMS films, 
cured at 150 oC (except 1 million cSt PDMS, which was cured at 100 oC), in distilled 
water as a function of time. The mass has been calculated from the Sauerbrey equation 
using the frequency shifts measured with QCM (n ≥ 3).  No further decrease in the 
surface adsorbed mass was observed upon 7, 14, 21 and 28 days storage of silicone oil 
coated crystals in distilled water.  
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Chapter 4 
Application of Quartz Crystal Microbalance to Study the Impact of pH and Ionic 
Strength on the Protein-Silicone Oil Interactions 
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1. Abstract 
In this study, we have used quartz crystal microbalance (QCM) to quantitate the 
adsorption of a protein on silicone oil coated surfaces as a function of protein 
concentration, pH and ionic strength using a 5 MHz quartz crystal. Protein adsorption 
isotherms were generated at different solution pH and ionic strengths. Surface saturation 
concentrations were selected from adsorption isotherms and used to generate adsorption 
profiles from pH 3.0 to 9.0, and at ionic strengths of 10 mM and 150 mM.  At low ionic 
strength (10 mM) and pH 5.0 (close to the isoelectric point of the protein), maximum 
adsorption of protein to the silicone oil surface was observed. At higher ionic strength 
(150 mM), no significant pH influence on adsorption was observed.  QCM could be used 
as a reliable technique to study the binding of proteins to silicone oil coated surfaces. 
 
 
 
 
 
 
 
 
Keywords:  Silicone oil/water interface, interfacial adsorption, aggregation, quartz 
crystal microbalance, hydrophobicity.  
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2. Introduction 
Vials comprise about 50-55% of the sterile packaging systems used for storage/delivery 
of small volume injectables while syringes account for approximately 25-30%.1 More 
recently, there has been a surge in the number of injectable biopharmaceutical products 
delivered through prefilled syringes.2 Prefilled syringes offer various advantages such as 
reduced handling requirements, reduced product contamination and substantial reduction 
in the cost of manufacturing due to exact dosing that avoids overfill required for 
traditional vials.3,4 These advantages have resulted in annual sales of more than 2 billion 
units worldwide with a growth of 12.8% annually.2,3 
In both the vials and syringes, lubrication is essential in order to enable component 
processability during manufacturing and functionality during delivery, which includes the 
prevention of the rubber stopper conglomeration during filling procedures, ease of 
plunger movement inside the syringe barrel and reduction of the injection associated 
friction induced tissue pain.5  Silicone oil, a poly(dimethylsiloxane), has been used for the 
past several decades as the lubricant of choice for this purpose. This is due to its several 
advantages such as low surface tension to permit good wetting of most solid surfaces, 
optimum hydrophobicity to form a water repellant surface, good physicochemical 
stability and proven biocompatibility. Thus, siliconization of the pharmaceutical storage 
and delivery devices has been a common practice for many years. 
Silicone oil has been implicated as a risk factor for protein solutions to aggregate or form 
insoluble particulates.6,7 The extent to which this risk may be generalized across protein 
pharmaceuticals is not clear due to a lack of data that has been published in this area.  As 
such, a fundamental understanding of the factors that influence protein-silicone oil 
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interactions, as well as understanding the nature of the state of the protein at a silicone 
oil-liquid interface may help better understand this implied risk to protein formulation 
development, product stability, and therefore overall drug product safety. Some general 
points, however, are made. 
As an amphiphilic molecule, proteins are surface active and have a tendency to lose their 
native structure on adsorption to hydrophobic surfaces.8-10 The silicone oil/water interface 
may also affect protein aggregation via interface induced unfolding. In addition to the 
aggregation problem, the adsorption at the interface becomes an important issue for 
highly potent low concentration protein solutions (e.g. tuberculin ~ 0.5µg/mL), where a 
significant amount of the drug may be lost at the interface and should be compensated for 
to inject an accurate dose.11  
The seriousness of this issue was highlighted by the reports of gradual cloudiness of 
insulin in multi-dose storage vials, and subsequent inability to control blood                    
glucose.6,12-14 The cloudiness was attributed to insulin particulate formation caused by the 
contamination of the solution by silicone oil. The silicone oil was used as a lubricant in 
the disposable syringes used for administration and was released in the solution during 
dose withdrawal. It was recently reported that the use of siliconized syringes for 
reconstitution of the drug product resulted in thread-like, gelatinous particles in the 
solution in less than an hour, which was attributed to the interaction of the protein with 
silicone oil.15 Switching to non-siliconized syringes for reconstitution resolved the issue.  
Recently, the formulation stability of four different model proteins (lysozyme, BSA, 
abatacept and trastuzumab) was studied in silicone oil emulsions in the absence and 
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presence of surfactants by measuring soluble protein loss.16 It was found that the addition 
of surfactant decreased the adsorption of the proteins on the silicone oil droplets.  It has 
also been reported that agitation has a synergistic effect on the aggregation induced by 
silicone oil when studied for a model IgG1 antibody as a function of temperature, pH and 
ionic strength.17 The aggregation of 4 model proteins viz. ribonuclease A (RNase A), 
lysozyme, BSA and concanavalin A (ConA) with silicone oil was studied using changes 
in the optical density measurements and any structural changes induced by silicone oil 
using circular dichroism (CD) and second derivative UV spectroscopy.7 The aggregation 
induced in a given protein solution was both pH and protein specific, with more 
hydrophobic proteins (BSA and ConA) showing more aggregation compared to relatively 
hydrophilic proteins (RNase A and lysozyme).  
A mechanistic understanding of the protein adsorption to silicone/water interfaces is 
critical to the rational use of silicone oil coatings in prefilled syringes. This may help in 
the optimization of the formulation conditions or container preparation prior to filling, to 
reduce interactions at the hydrophobic interface and thus improve storage stability.  In 
order to study the protein silicone oil incompatibilities, generally silicone fluids have 
been introduced into the liquid protein formulation,16,17 which represent a dynamic 
system, unstable over time unless surfactants are used and hence, may not be considered 
to be a good model for mechanistic investigation of the protein-silicone oil interactions 
on solid surfaces. An improved approach would be the direct measurement and 
evaluation of the effect of formulation conditions on the protein-silicone interaction at a 
solid/liquid interface.  Such an interface could most closely mimic the condition of a 
lubricated syringe device in contact with the liquid formulation phase.  Binding data 
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could then be used in conjunction with stability data under the same formulation 
conditions to better understand the role of protein-silicone interactions during storage 
stability.    
The major challenge lies in the lack of quantitative techniques to determine the amount of 
protein bound to silicone oil.16 This is due to extremely low adsorbed amount per unit 
area and hence, the quantitation of the amount bound requires high resolution and 
accuracy.18 In this paper, we have used quartz crystal microbalance (QCM) to study the 
binding of a model protein with silicone oil. QCM provides an extremely sensitive, high 
resolution mass sensing method to study the interactions between the surface and the 
substrate both in air19 and in liquid.20-22 Thus, the binding of even small amount of 
protein with the silicone oil surface can be detected. The purpose of this work was to 
investigate the effect of pH and ionic strength on the interaction of a model protein with 
silicone oil using QCM.  
3.  Theory 
QCM employs a probe consisting of a thin quartz disc with metal electrodes deposited on 
both faces.  Owing to the piezoelectric properties of quartz and its crystalline orientation, 
application of an external alternating electric potential through the metal electrodes 
produces an internal mechanical stress in the crystal leading to its shear deformation 
which results in the vibrational motion of the crystal at its resonant frequency.23 This 
resonant frequency is sensitive to any mass change on the crystal surface as well as any 
change in the viscosity-density of the surrounding environment.  In 1959, Sauerbrey 
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derived a relationship between the shifts in the crystal resonant frequency and elastic 
mass bound to the crystal surface24:       
                                                  ∆F ൌ  െ  2F୭
ଶ
Aඥρµ ∆m                                                         ሺ1ሻ    
 where, ∆F is the frequency shift (Hz), Fo is the resonant frequency of the crystal (Hz), 
∆m is the adsorbed amount (g), A is the active electrode area (cm2), ρ is the density of 
quartz (2.648 g/cm3), and µ is the shear modulus of quartz (2.947 x 1011 g/cm/s2). Thus, 
the constant terms can be combined together to give a crystal sensitivity constant, C, 
which is specific to a crystal:  
                                              Δm ൌ C  ൈ  ΔF                               ሺ2ሻ 
where, C ≈ 17.7 ng/cm2/Hz  for a 5 MHz crystal i.e. when 17.7 ng of mass is deposited on 
one cm2 of area, it will produce a shift of negative 1 Hz in the resonant frequency of the 
crystal. Thus, the Sauerbrey equation relies on a linear sensitivity factor and is a 
fundamental property of a quartz crystal. However, this equation is valid only when the 
mass attached is uniform and elastic i.e. the bound molecules are rigidly attached to the 
surface,25,26 and the film formed could be considered an extension of the thickness of 
quartz which does not experience any shear force during vibration.23  
In liquid-phase measurements, Kanazawa showed that there is a viscous coupling of the 
solution to the crystal surface which effectively adds a mass component to the oscillating 
crystal.27 Thus assuming no slip conditions, the resulting frequency change can be related 
to liquid properties using the following equation:      
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                                                    ΔF ൌ  െF୭
ଷ
ଶඨρ୪୧୯η୪୧୯πρμ                                                       ሺ3ሻ 
where, ρ୪୧୯ and η୪୧୯ are the density and viscosity of a given liquid, respectively.  
The shear wave that generates due to the shear motion of the crystal surface also gets 
dampened by energy dissipation associated with the liquid. This dissipation of the energy 
is described by the change in the resistance of the crystal as28:  
                                                        ∆R ൌ ට2πFoρ୪୧୯η୪୧୯ ൬
A
k2൰                                                ሺ4ሻ                
where, k is an electromechanical coupling factor. 
When applying this method for measurements in aqueous solutions, the Sauerbrey 
equation may not hold as the bound layer of analyte may be inelastic (due to the effect of 
interfacial liquid properties such as viscosity and density). Viscous coupling of the bound 
layer will result in an additional shift in the crystal resonant frequency and a dampening 
in the resonant oscillation which is manifested in an increase in the series resonance 
resistance (R) of the quartz crystal.23  Thus, besides measuring shift in frequency (ΔF), 
shift in resistance (ΔR) of the crystal also needs to be monitored which serves as an 
independent measure of the viscous loading by the bound layer on the crystal surface and 
helps differentiating an elastic mass effect from viscosity induced effects.29 Measuring 
ΔR provides information about the physical properties of the bound layers, i.e., if it is 
rigid or visco-elastic. A layer rigidly coupled to the crystal surface dissipates no energy 
and does not result in any change in the resistance value and hence, the decrease in 
resonant frequency is directly proportional to the mass in accordance with the Sauerbrey 
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equation. However, if there is a formation of visco-elastic layer on the surface, there will 
be a positive shift in the R value and Sauerbrey equation may not be valid.  In order to 
determine the nature of the change at the interface responsible for the frequency shift, 
whether elastic, viscous or both, a ΔR vs. ΔF plot has been used.29,30 Since a purely 
elastic mass bound to the quartz surface does not result in any energy dissipation, the 
slope of ΔR vs. ΔF graph should be zero; whereas a pure viscous coupling will lead to a 
linear ΔR vs. ΔF relationship resulting in a finite slope. Thus, a system which is 
viscoelastic should have a slope between the values of slope obtained for a purely viscous 
and elastic system. Therefore, the behavior of a given system under investigation can be 
graphically compared on such a plot. Depending upon the closeness of the measured ΔF 
vs. ΔR slope of the system under consideration to the slope obtained for the purely 
viscous system or to the purely elastic system, it is possible to assess if the attached 
protein film is viscoelastic. 
Besides providing the mass adsorbed on the surface, QCM allows one to study the 
kinetics of protein adsorption and thus, process of protein adsorption-desorption could be 
studied in real time. Moreover, this technique does not require any kind of fluorescent or 
radioisotope labeling of the protein which is not only a time consuming process but also 
has a potential to denature the protein.22 
4. Materials and Methods 
4.1 Materials 
Protein used for these studies was an Fc-fusion protein supplied by Biogen Idec (San 
Diego, CA) as a 100 mg/mL frozen formulation in 10 mM citrate buffer (pH 6.0, pI range 
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of approximately 5.2-6.5). The frozen formulation was thawed, 1 mL aliquots were 
removed and kept at 2-8 oC.  The remaining material was refrozen and stored at -80 °C.  
Two commercially available silicone fluids (linear chain poly(dimethylsiloxane), 
trimethylsiloxy terminated; PDMS) of different viscosities, viz. Dow Corning® 360 
Medical Fluid (350cSt; Dow Corning Corporation, Midland, MI) and PS049.5 (1 million 
cSt; UCT specialties LLC, Bristol, PA), were obtained.  All other chemicals including, 
acetic acid, sodium acetate, monobasic and dibasic sodium phosphate, o-phosphoric acid, 
tris(hydroxymethyl) amino methane, sodium chloride, hydrochloric acid, sodium 
hydroxide, hexane, hydrogen peroxide and sulfuric acid were obtained from Fisher 
Scientific (Fair Lawn, NJ).  L-histidine was obtained from Sigma-Aldrich (St. Louis, 
MO).  All of the chemicals used were of analytical grade and were used as received.  
Deionized water equivalent to Milli-QTM grade was used to prepare all buffer solutions.  
Millipore (Billerica, MA) Amicon ultra centrifugal filters (Amicon Ultra-15) with a 
molecular weight cut off of 10 kDa were obtained from Fisher Scientific.   
4.2 Methods 
4.2.1 Sample preparation 
The following buffers were prepared to maintain the solution pH: phosphate (pH 3.0, 7.0 
and 8.0), acetate (pH 4.0 and 5.0), histidine (pH 6.0) and tris(hydroxymethyl) amino 
methane (pH 9.0). Appropriate concentrations of the buffer species were used in order to 
maintain 10 mM ionic strength without the addition of salt. For higher ionic strength 
studies, sodium chloride was added to the buffer to adjust the ionic strength to 150 mM 
while keeping the buffer strength same. Hydrochloric acid (1 N) or sodium hydroxide     
(1 N) was used to adjust the pH of the buffer solutions. Prior to analysis, protein was 
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buffer exchanged with the desired buffer using Amicon ultra-15 centrifugal filters with a 
molecular weight cut off of 10 kDa.  1 mL of the stock was diluted to 15 mL with the 
desired buffer and concentrated back to 0.5 mL or less.  This process was repeated at 
least three times to ensure complete exchange of the buffer. Solution pH of the dialyzed 
sample was measured using pH meter (UB-5, Denver Instruments, Bohemia, NY) 
connected to an Orion micro pH electrode (Thermo Scientific, Beverly, MA).  The 
concentration of the protein was determined with a UV spectrophotometer (Cary 50-Bio, 
Varian, Inc., Palo Alto, CA) using an extinction coefficient of 1.25 (mg/mL)-1cm-1 at 280 
nm.  The desired concentrations of the samples were prepared with dilution using the 
same buffer.   
4.2.2 Quartz crystal coating with silicone oil 
AT-cut quartz crystals with optically flat polished gold/titanium electrodes with a 
fundamental resonant frequency of 5 MHz were obtained from Stanford Research 
Systems (SRS, Inc., Sunnyvale, CA).  The crystals were ~ 2.54 cm in diameter with the 
upper electrode area of 1.37 cm2 and lower electrode area of 0.40 cm2.  The lower 
electrode area is the area of overlap between the upper and lower electrodes, and 
represents the part of the crystal which is piezoelectrically most active.  
Crystals were first cleaned with Piranha solution (1 part of 30% hydrogen peroxide in      
3 parts of 95-98% sulfuric acid) and then rinsed thoroughly with deionized water and 
ethanol, followed by drying with high purity nitrogen.  The resonant frequency of the 
blank crystal was recorded. The PDMS solution was prepared in hexane. For film 
deposition, solvent casting method was used. A controlled volume of polymeric solution 
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consisting of ~ 350 ng of the polymer was applied on the larger gold electrode to cover 
the overlapping electrodes portion.  The coated crystals were then dried at 100 oC for at 
least 2 hours.  After drying, the resonant frequency of the polymer coated crystal was 
measured. The difference between the resonant frequencies of the uncoated and coated 
crystal was determined. The mass of the polymer deposited on the surface was calculated 
from the shift in the crystal resonant frequency.  
In order to test the stability of the PDMS film in an aqueous environment, the coating 
was exposed to deionized water either in static or in flow mode.  In preliminary studies, 
static mode of water exposure was used where deionized water in sufficient volume was 
placed on the PDMS coating casted on the crystal surface.  After approximately 1-2 
hours, water was gently lifted from the surface using a micropipette, remaining water was 
blown away using nitrogen and the crystals were dried at 100oC for approximately 15 
minutes to remove the residual moisture.  The resonant frequency of the dried crystal was 
measured to determine the net frequency change due to water exposure. Based on the 
results from static mode, coated crystals were exposed to deionized water in flow mode 
using the QCM set up described in the following section. Deionized water was passed 
over the polymer surface at 50 µL/min for approximately 2 hours, followed by drying at 
100 oC.  Resonant frequency was measured to calculate the net frequency change.  For 
reuse, the crystals were treated with hexane to dissolve the polymer coating followed by 
0.1 M sodium dodecyl sulfate (SDS) solution to remove any traces of polymer as well as 
any protein that might have bound to the uncoated portion of the electrode.  This was 
followed by rinsing the crystal with copious amount of water and nitrogen drying. 
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4.2.3 Quartz crystal microbalance apparatus  
The binding of the protein on silicone oil surface was studied in flow injection mode 
using a commercially available QCM apparatus (QCM 200; SRS Inc., Sunnyvale, CA).    
5 MHz quartz crystals previously coated with the selected silicone oil were used in the 
study.  The coated crystal was mounted in a Kynar® flow cell (SRS, Inc.) using O-rings 
to clamp the crystal so that the coated side of the crystal faced the liquid while the 
opposite side made electrical contacts via POGO® pins.  The flow cell had an 
approximate volume of 150 µL for the liquid to make contact with the crystal surface.  
The fluid enters axially on the center of the crystal and moves radially outwards to the 
outlet port of the flow cell. In order to drive out any air bubbles that might form during 
the entrance of liquid inside the chamber, the flow inside the cell was directed against the 
gravity. The stagnation point of the crystal is located at its center, overlapping the area of 
highest sensitivity.  Suitable connections were made using PEEK® tubing (Upchurch 
Scientific, Inc., Oak Harbor, WA) between the flow cell and solvent syringe through a 6-
port injection valve  (Upchurch Scientific, Inc., Oak Harbor, WA).  The assembly was 
equilibrated at 25.0 oC in a water bath attached to a temperature regulated water 
circulator.  Solvent of interest was flowed through the system using a single syringe 
pump (NE 1010X; New Era Pump Systems, Inc., Farmingdale, NY) at a rate of              
50 µL/min in order to minimize the effect of liquid flow on the QCM signal.  After 
establishing a stable baseline with respect to change in F and R values in buffer, 250 µL 
of protein sample was introduced into the system via a sample port.  The changes in F 
and R values for the crystal were recorded as a function of time using QCM 200 system 
connected to an external computer via RS-232 interface at an interval of 10 seconds using 
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LabView Stand alone software (National Instruments Corporation, Austin, TX).  The 
samples were allowed to remain in contact with the crystal surface until no further 
changes in the F and R values were observed for equilibrium to get established between 
the protein in solution and that adsorbed on the polymer surface.  These shifts in the F 
and R signals were used to calculate the amount of protein bound to the silicone oil/water 
interface at equilibrium. The system was then rinsed with the same buffer until no 
changes in F and R values were observed. This rinsing of the system with buffer served 
two purposes. First, it removed any contribution to the resonant frequency/resistance shift 
caused by protein solution properties such as viscosity and density, and second, it 
removed any protein that was reversibly bound to the silicone oil/water interface.  Thus, 
the difference in the F and R values before protein injection and after the system rinse 
were used to calculate the amount of protein that was irreversibly adsorbed on the PDMS 
surface.  
4.2.4 Protein adsorption studies 
Protein concentrations ranging from 0.001 mg/mL to 1 mg/mL namely, 0.001, 0.010, 
0.025, 0.10, 0.25 and 1 mg/mL were analyzed using QCM at 25.0 oC for their adsorption 
on the silicone oil surface in order to obtain adsorption isotherms.  The studies were 
conducted at pH 3.0, 5.0 and 9.0 at 10 mM and 150 mM ionic strength. One or more 
concentrations showing plateau in the mass adsorbed to the interface i.e. saturation 
concentrations were picked for adsorption studies on the silicone oil/water interface to 
generate an adsorption profile as a function of pH in the range of 3.0 to 9.0 at 10 mM and 
150 mM ionic strengths.  
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5. Results and discussion 
5.1 Silicone oil selection  
In pharmaceutical packaging industry, silicone oils are generally applied on the device 
surface (syringes and vial stoppers) in the form of an emulsion, with curing at 
temperatures as high as 300 oC to get a thin layer of silicone oil.31,32 A similar process 
was used in these studies to obtain acoustically active thin films of silicone oil on the 
quartz crystal.  The amount used to coat a crystal was calculated based on the surface 
area of the dimethylsiloxane monomer33 of 0.42 nm2   and the area of crystal surface 
(slightly more than 0.40 cm2). Approximately 350 ng of the silicone fluid (PDMS), which 
was sufficient to give a few monolayer thick and elastic silicone oil coating on the crystal 
surface, was deposited. In the preliminary studies, Dow Corning® 360 Medical Fluid 
(Dow Corning Corporation, Midland, MI), which is commercially used for the lubrication 
purposes in pharmaceutical delivery devices, was used.  However, it was found that the 
films formed were not stable as they were washed from the crystal surface when exposed 
to water (chapter 3).  Therefore, a different silicone fluid with higher viscosity (1 million 
cSt, PS049.5, UCT specialties LLC, Bristol, PA) was used for the film formation. A 
higher viscosity fluid is not expected to flow easily and hence, come off the surface due 
to decreased mobility and increased durability it can achieve.  Figure 1 shows the shift 
obtained in the resonant frequency of the high viscosity silicone fluid coated crystals 
before and after exposure to deionized water for 2 hours in flow mode. A 50 Hz shift in 
resonant frequency represented, on average, a 30 molecule thick layer.  A similar 
magnitude of resonant frequencies after exposure to deionized water suggests an 
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insignificant loss of polymer mass from the crystal surface, thus demonstrating the 
stability of the films obtained with high viscosity PDMS.  
5.2 Adsorption isotherms  
Adsorption of the protein to the silicone oil/water interface as a function of its 
concentration under different solution conditions of pH and ionic strength was studied 
using adsorption isotherms.  The time dependence of the binding process showed that for 
all the solutions with protein concentration above 25 µg/mL, the adsorption of the protein 
attained a constant value within 1 hour. Figure 2 shows an example of the frequency shift 
(and hence mass increase) obtained as a result of protein adsorption as a function of time.   
To characterize the nature of the adsorbed protein film (elastic or viscoelastic), a plot of 
the resistance shift (ΔR) versus frequency shift (ΔF) was used as given in figure 3 (refer 
to section 3 for the background). Line A in figure 3 represents an elastic mass effect, 
where ΔR and hence the slope (ΔR/ ΔF) is zero. Line B represents a purely viscous effect 
obtained from sucrose solutions. Sucrose solution represents a model viscous system. For 
a purely viscous system, both ΔF and ΔR are expected to be proportional to the square 
root of the product of viscosity and density values as given by equations 3 and 4, 
respectively,27,28 and a plot of ΔR versus ΔF should be linear with a finite slope.  The 
resulting ΔR and ΔF values for 0-25 % w/w sucrose solutions were determined using 
QCM at 25.0 oC in the flow mode. The plot of ΔR versus ΔF for the sucrose solutions 
was linear (R2 > 0.99) and resulted in a slope (ΔRsuc/ΔFsuc) of 0.68 Ω/Hz (fig. 3, line B), 
where the subscript “suc” represents sucrose. Any viscoelastic change at the interface 
will therefore lie in between lines A and B of the ΔR vs. ΔF plot shown in figure 3. 
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To determine the property of the protein film adsorbed to the silicone oil/water interface 
under a given solution condition, the average of ΔR values of different replicates was 
obtained and was divided by the corresponding average of ΔF values in order to obtain 
the ΔRp/ΔFp value, where subscript p denotes protein. The ΔRp/ΔFp values obtained were 
than compared to the ΔRsuc/ΔFsuc value.  Thus, the percentage of any viscosity 
contribution in the total frequency shift observed for protein adsorption can be 
determined by calculating the percentage of (ΔRp/ΔFp)/(ΔRsuc/ΔFsuc) values. For all the 
solution conditions studied, ΔRp/ΔFp values were within 5% of the slope obtained for the 
purely viscous sucrose solutions.  Thus, it is concluded that the protein films formed on 
the interface were rigid, and Sauerbrey equation can be used to derive the mass adsorbed 
from the measured frequency shifts.  
Figure 4 shows the isotherms obtained for the protein at pH 3.0 (net positive charge on 
protein based on pI range of 5.2-6.5), 5.0 (close to zero charge) and 9.0 (net negatively 
charged protein) with 10 mM and 150 mM ionic strength. Each isotherm shows an initial 
steep rise followed by a plateau. Different parts of the isotherm reflect different 
interactions that govern the interfacial adsorption.34 The initial part of the isotherm            
(~ 10 µg/mL or lower), corresponding to low surface coverage of the protein coverage, is 
essentially indicative of the affinity of the protein to the silicone layer. In the later portion 
of the isotherm (~ 25 µg/mL or higher) as surface coverage increases, protein-protein 
interactions may also play a role in governing the adsorption. The slopes of the isotherms 
suggest that under the solution conditions studied, the model protein has a high tendency 
to interact with the interface. Since the silicone surface is non-ionic, our results indicate 
that the forces existing between the protein molecules and the silicone surface are 
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primarily hydrophobic in nature.  However, the latter part of the isotherms representing 
the plateau is a strong function of pH and ionic strength of the medium. Since solution 
conditions govern the net charge on the protein and the magnitude of charge screening, 
they affect intermolecular protein interactions and hence, the amount adsorbed to the 
interface. Under all the solution conditions, isotherms attained plateau above a 
concentration of 0.1 mg/mL. The only exception being the adsorption at pH 9.0 (150 mM 
ionic strength), which continued to increase even after 0.1 mg/mL. Such adsorption 
saturation behavior has been previously observed for different proteins on various 
interfaces.35-37  
In many cases of protein adsorption, the equilibrium relationship between the adsorbed 
mass of protein and its bulk concentration tends to follow the Langmuir type adsorption 
behavior.22,37,38 In such cases, plots of adsorbed mass versus protein concentration 
showed an initial period of rise with a steep slope followed by plateau at a critical protein 
concentration and hence, the Langmuir equation (eq. 5) was used to fit the data.   
                                       ܥ∆݉ ൌ  
ܥ
∆݉௠௔௫ ൅
1
ሺ∆݉௠௔௫ܭ௔ௗ௦ሻ                                         ሺ5ሻ 
where, ∆݉ is the adsorbed mass, ∆݉௠௔௫ is the mass required to get a monolayer 
coverage on the interface, ܭ௔ௗ௦ is the adsorption affinity constant, and ܥ is the bulk 
concentration at equilibrium. However, such treatment of data has been argued on the 
basis that adsorption of protein in most cases is irreversible on the time scale of 
measurements and hence, a Langmuir-based modeling of the data is inappropriate.39,40  
The reason for such irreversibility was attributed to the fact that with time, adsorbed 
protein molecules undergo structural changes with the hydrophobic moiety of protein 
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interacting with hydrophobic interfaces resulting in multi-contact attachments, and hence 
making the desorption process entropically unfavorable and very slow. On the time scales 
of our studies, only a slight desorption (< 10%) of the interfacially adsorbed protein was 
observed when the system was rinsed with the buffer following protein adsorption (figs. 2 
and 4), suggesting the irreversibility of adsorption. Protein desorption studies conducted 
over long term (28 days), using X-ray photoelectron spectroscopy (XPS), also indicated 
that this irreversibility is maintained (see appendix I). Although protein desorption under 
pure buffer environment was not observed, adsorption studies with radio labeled proteins 
have clearly shown that a dynamic equilibrium exists with protein molecules arriving and 
leaving the interface at equal rates.41,42 Thermodynamically, such an exchange of protein 
molecules may be much more likely than a spontaneous desorption in the absence of 
other molecules in the bulk. Thus at equilibrium, fitting the Langmuir equation to the 
experimental data for each isotherm is considered to be appropriate. The model fits the 
experimental data with a high degree of correlation (R2 > 0.99, fig. 5). 
Despite the fact that the Langmuir equation shows an excellent fit to the data, accurate 
affinity constants may not be obtained. This is due to the interactions existing between 
the protein molecules, which have been assumed to be non-existing for Langmuir type 
behavior to be valid and hence, may require separate treatment of the data. The affinity of 
the protein to the interface in different solution conditions, however, can still be 
compared qualitatively based on the initial slopes of the isotherms. Thus, the protein 
seems to have a high tendency to interact with the interface at pH 5.0 under 10 mM ionic 
strength, while the affinity is much lower when the adsorption is studied under pH 9.0 
and 10 mM ionic strength solution condition. 
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5.3 pH effect on adsorption 
Figure 6 describes the amount of protein adsorbed at the silicone oil/water interface as a 
function of pH at 10 mM ionic strength and 0.1 mg/mL protein concentration. The 
amount adsorbed at the interface was maximum at pH 5.0.  Adsorption of the protein to 
the surface decreased as the pH was increased or decreased.  The solution pH governs the 
surface charge on the protein molecule as well as can affect the tertiary structure of the 
protein. The charge and its distribution on a protein surface and the protein structure, both 
can affect the interfacial protein adsorption.34,40,43 Results from the near-UV CD studies, 
however, indicated the absence of any significant differences in the tertiary structure of 
the Fc-fusion protein as a function of pH at 10 mM solution ionic strength (fig. 7(a)). 
Therefore, protein surface charges could be involved in affecting the protein adsorption 
to the silicone oil/water interface in these studies. In previous studies with IgG and 
albumin adsorption at various interfaces, maximum adsorption was observed at the pI, 
which decreased as the solution pH was changed away from the pI.44,45 In our study, the 
maximum adsorption was observed at pH 5.0 which is at close to the lower end of the pI 
range for the molecule (pI range 5.2-6.5, determined by IEF gel electrophoresis, data not 
shown).  At this stage the cause of this anomaly is not known.  One explanation for this 
phenomenon could be a shift in the pI caused by anion binding to the protein, or a shift in 
the protein pI at the hydrophobic surface.  The apparent shift in the pI due to ion binding 
has been observed previously.46  In the isoelectric region, protein molecules carry least 
net charge and hence the charge-charge repulsions between adsorbed protein molecules 
are minimized, which leads to a higher amount of protein being adsorbed to the interface.  
As the pH is shifted away from the isoelectric region either towards the acidic or the 
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basic side, protein molecules attain increasing net charge leading to an enhancement in 
the protein-protein electrostatic repulsions. These repulsive interactions between the 
adsorbed molecules lead to a reduction in the adsorbed amount.  
Figure 6 further shows the adsorption data for different bulk concentrations of the protein 
at 0.25 and 1 mg/mL (both at 10 mM ionic strength) at pH 3.0, 5.0 and 9.0  Increasing the 
protein concentration in the bulk has no significant effect on the amount adsorbed at the 
interface. This implies that at low ionic strength the protein adsorbed to the interface at 
these concentrations has achieved saturation.  
5.4 Ionic strength effects 
To confirm, if indeed the surface charge of the protein is involved in affecting interfacial 
adsorption observed under low ionic strength (fig. 6), protein adsorption studies were 
carried out at 150 mM ionic strength as a function of solution pH (fig. 8). The data show 
that the saturation of the silicone oil/water interface is not achieved at 0.1 mg/mL bulk 
protein concentration at pH 6.0, 7.0 and 9.0; the amount of protein adsorbed increased 
further as the bulk concentration was increased.  However, the results at 1.0 mg/mL show 
that within experimental error the amount adsorbed is constant for all pH conditions.  
This implies that the charge effects are neutralized and the protein adsorption at the 
interface is not influenced by the solution pH.  It can be seen that though a significantly 
reduced tertiary structure for the protein was observed at pH 3.0 under 150 mM solution 
ionic strength (fig. 7(b)), this reduced structure did not affect the interfacial protein 
adsorption to a significant extent compared to other pH conditions under higher ionic 
strength (figs. 8 and 9).  
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Figure 9 shows comparative adsorption behavior for the protein to the silicone oil/water 
interface at pH 3.0, 5.0 and 9.0 at 10 mM and 150 mM ionic strengths and a constant bulk 
protein concentration of 1.0 mg/mL.  It is clear from this figure that at low ionic strength 
the solution pH greatly affects the protein adsorption whereas the pH effect is minimum 
at 150 mM ionic strength. Both the electrostatic and hydrophobic interactions are 
important factors affecting the adsorption of the protein to an interface.40 At low ionic 
strength (10 mM), the surface charges on protein molecules are prominent and bring a 
greater contribution to the electrostatic forces. On increasing the ionic strength to 150 
mM, the surface charges on the molecules increasingly become shielded, leading to a 
decrease in the electrostatic intermolecular repulsions.  Such effects facilitate and drive 
adsorption at higher ionic strengths due to decreased lateral repulsions at conditions 
where the protein carries most net charge (pH 3.0 and 9.0 in these studies). Thus, the 
results indicate that at low ionic strength electrostatic forces mainly govern the adsorption 
to the silicone oil/water interface.  Since increasing ionic strength has no effect (with the 
salt concentration used here) on the entropically driven hydrophobic interactions these 
forces should dominate the overall adsorption in solutions of higher ionic strength.  
6. Conclusions 
For the first time, QCM was used to monitor and understand the binding behavior of a 
model Fc-fusion protein to the silicone oil/water interface as a function of solution 
conditions of pH and ionic strength.  At low ionic strength, maximum adsorption occurs 
near the isoelectric region of the protein while addition of salt to shield the surface 
charges of the protein leads to pH-independent adsorption.  As a whole, the data suggest 
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that both electrostatic and hydrophobic forces are involved in governing the adsorption of 
the protein to the silicone oil/water interface.  
7. Acknowledgements 
The authors thank Biogen Idec for supplying the protein and financially supporting this 
work. Dow Corning Corporation is acknowledged for the gift of Dow Corning® 360 
Medical Fluid. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
98 
 
 8.  References 
1.  Sacha GA, Saffell-Clemmer W, Abram K, Akers MJ 2010. Practical fundamentals of       
     glass, rubber, and plastic sterile packaging systems. Pharm Dev Technol  15(1):6-34. 
2.  Romacker M, Schoenknecht T, Forster R 2008. The rise of prefilled syringes from     
     niche product to primary container of choice: A short history. ONdrugDelivery:4-5. 
3.  Harrison B, Rios M 2007. Big Shot:Developments in Prefilled Syringes. Pharm Tech. 
4.  Thorpe GA 2005. Prefillable syringes-trends and growth strategies. 
     ONdrugDelivery:6-8. 
5.  Smith EJ 1988. Siliconization of parentral drug packaging components. J Parent Sci  
     Tech 42(4):S3-S13. 
  6.  Bernstein RK 1987. Clouding and deactivation of clear (regular) human insulin:  
       association with silicone oil from disposable syringes? Diabetes Care  10(6):786- 
       787. 
  7.  Jones LS, Kaufmann A, Middaugh CR 2005. Silicone oil induced aggregation of  
       proteins. J Pharm Sci  94(4):918-927. 
  8.  Andrade JD. 1985. Surface and Interfacial Aspects of Biomedical Polymers, Vol. 2:     
       Protein adsorption, New York: Plenum Press. 
  9.  Giacomelli CE, Norde W 2005. Conformational changes of the amyloid β-peptide (1- 
       40) adsorbed on solid surfaces. Macromol Biosci  5(5):401-407. 
10.  Soderquist ME, Walton AG 1980. Structural changes in proteins adsorbed on 
       polymer surfaces. J Colloid Interface Sci  75(2):386-397. 
11.  Mizutani T 1981. Estimation of protein and drug adsorption onto silicone-coated  
       glass surfaces. J Pharm Sci  70(5):493-496. 
12.  Baldwin RN 1988. Contamination of insulin by silicone oil: a potential hazard of  
       plastic insulin syringes. Diabet Med  5(8):789-790. 
13.  Chantelau E, Berger M, Bohlken B 1986. Silicone oil released from disposable  
       insulin syringes. Diabetes Care  9(6):672-673. 
14.  Chantelau EA, Berger M 1985. Pollution of insulin with silicone oil, a hazard of  
       disposable plastic syringes. Lancet  1(8443):1459. 
15.  Markovic I 2006. Challenges associated with extractable and/or leachable  
       substances in therapeutic biologic protein products. Am Pharm Rev 9(6):20-27. 
16.  Ludwig DB, Carpenter JF, Hamel J-B, Randolph TW 2010. Protein adsorption and  
       excipient effects on kinetic stability of silicone oil emulsions. J Pharm Sci   
       99(4):1721-1733. 
17.  Thirumangalathu R, Krishnan S, Ricci MS, Brems DN, Randolph TW, Carpenter JF  
       2009. Silicone oil- and agitation-induced aggregation of a monoclonal antibody in  
       aqueous solution. J Pharm Sci  98(9):3167-3181. 
18.  Nakanishi K, Sakiyama T, Imamura K 2001. On the adsorption of proteins on solid  
       surfaces, a common but very complicated phenomenon. J Biosci Bioeng  91(3):233- 
       244. 
19.  Matsuura K, Ebara Y, Okahata Y 1997. Gas phase molecular recognition on  
       nucleobase monolayers immobilized on a highly sensitive quartz crystal  
       microbalance. Langmuir  13(4):814-820. 
20.  Ebara Y, Okahata Y 1994. A kinetic study of concanavalin A binding to glycolipid  
       monolayers by using a quartz crystal microbalance. J Am Chem Soc   
       116(25):11209-11212. 
99 
 
21.  Okahata Y, Ijiro K, Matsuzaki Y 1993. A DNA-lipid cast film on a quartz-crystal  
       microbalance and detection of intercalation behaviors of dye molecules into DNAs in  
       an aqueous solution. Langmuir  9(1):19-21. 
22.  Tanaka M, Mochizuki A, Motomura T, Shimura K, Onishi M, Okahata Y 2001. In  
       situ studies on protein adsorption onto a poly(2-methoxyethylacrylate) surface by a  
       quartz crystal microbalance. Colloids Surf, A  193(1-3):145-152. 
23.  Buttry DA, Ward MD 1992. Measurement of interfacial processes at electrode  
       surfaces with the electrochemical quartz crystal microbalance. Chem Rev   
       92(6):1355-1379. 
24.  Sauerbrey G 1959. The use of quartz oscillators for weighing thin layers and for  
       microweighing. Z Phys  155:206-222. 
25.  Lu C, Czanderna AW 1984. Methods and Phenomena, Vol. 7: Applications of  
       Piezoelectric Quartz Crystal Microbalances, Amsterdam:Elsevier. 
26.  Marx KA 2003. Quartz crystal microbalance: a useful tool for studying thin polymer  
       films and complex biomolecular systems at the solution-surface interface.  
       Biomacromolecules  4(5):1099-1120. 
27.  Kanazawa KK, Gordon JG, II 1985. The oscillation frequency of a quartz resonator    
       in contact with a liquid. Anal Chim Acta  175:99-105. 
28.  Muramatsu H, Tamiya E, Karube I 1988. Computation of equivalent circuit  
       parameters of quartz crystals in contact with liquids and study of liquid properties.  
       Anal Chem  60(19):2142-2146. 
29.  Muramatsu H, Egawa A, Ataka T 1995. Reliability of correlation between mass  
       change and resonant frequency change for a viscoelastic-film-coated quartz crystal. J  
       Electroanal Chem  388(1-2):89-92. 
30.  Su X-L, Li Y 2005. A QCM immunosensor for Salmonella detection with  
       simultaneous measurements of resonant frequency and motional resistance. Biosens  
       Bioelectron  21(6):840-848. 
31.  Fries A 2009. Drug delivery of sensitive biopharmaceuticals with prefilled syringes.  
       Drug Deliv Technol  9(5):22, 24-27. 
32.  Mundry T, Surmann P, Schurreit T 2000. Surface characterization of  
       polydimethylsiloxane treated pharmaceutical glass containers by X-ray-excited  
       photo- and Auger electron spectroscopy. Fresenius' J Anal Chem  368(8):820-831. 
33.  Fadeev Y. 2006. Hydrophobic monolayer surfaces: synthesis and wettability. In   
       Somasundaran P, ed Encyclopedia of surface and colloid sciences, New York: Taylor  
       and Francis p 2854-2875. 
34.  Norde W, Lyklema J 1978. The adsorption of human plasma albumin and bovine  
       pancreas ribonuclease at negatively charged polystyrene surfaces : I. Adsorption  
       isotherms. Effects of charge, ionic strength, and temperature. J Colloid Interface Sci  
       66(2):257-265. 
35.  Elgersma AV, Zsom RLJ, Norde W, Lyklema J 1990. The adsorption of bovine  
       serum albumin on positively and negatively charged polystyrene lattices. J Colloid  
       Interface Sci  138(1):145-156. 
36.  Koutsoukos PG, Norde W, Lyklema J 1983. Protein adsorption on hematite (α- 
       Fe2O3) surfaces. J Colloid Interface Sci 95(2):385-397. 
 
 
100 
 
37.  Luey JK, McGuire J, Sproull RD 1991. The effect of pH and sodium chloride  
       concentration on adsorption of β-lactoglobulin at hydrophilic and hydrophobic  
       silicon surfaces. J Colloid Interface Sci  143(2):489-500. 
38.  Lee RG, Kim SW 1974. Adsorption of proteins onto hydrophobic polymer surfaces. 
       Adsorption isotherms and kinetics. J Biomed Mater Res  8(5):251-259. 
39.  Brynda E, Houska M, Lednicky F 1986. Adsorption of human fibrinogen onto  
       hydrophobic surfaces: the effect of concentration in solution. J Colloid Interface Sci   
       113(1):164-171. 
40.  Haynes CA, Norde W 1994. Globular proteins at solid/liquid interfaces. Colloids  
       Surf, B  2(6):517-566. 
41.  Brash JL, Semak QM 1978. Dynamics of interactions between human albumin and  
       polyethylene surface. J Colloid Interface Sci  65(3):495-504. 
42.  Brash JL, Uniyal S, Samak Q 1974. Exchange of albumin adsorbed on polymer  
       surface. Trans, Am Soc Artif Intern Organs  20-A:69-76. 
43.  Brash JL, Horbett TA. 1987. Proteins at Interfaces. Physicochemical and  
       Biochemical Studies.Washington DC:American Chemical Society.  
44.  Bagchi P, Birnbaum SM 1981. Effect of pH on the adsorption of immunoglobulin G  
       on anionic poly(vinyltoluene) model latex particles. J Colloid Interface Sci  
       83(2):460-478. 
45.  Shirahama H, Suzawa T 1985. Adsorption of bovine serum albumin onto styrene/2- 
       hydroxyethyl methacrylate copolymer latex. J Colloid Interface Sci  104(2):416-421. 
46.  Longsworth LG, Jacobsen CF 1949. An electrophoretic study of the binding of salt    
       ions by β-lactoglobulin and bovine serum albumin. J Phys Colloid Chem  53:126-   
       135. 
 
 
 
 
 
 
 
 
 
101 
 
9. Figures 
Figure 1: Shift in the resonant frequency of 5 MHz quartz crystal coated with silicone oil      
(PDMS) before and after exposure to deionized water in flow mode after 2 hours (n=6). 
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Figure 2: Typical time course of frequency decrease on adsorption of Fc-fusion protein 
at pH 5.0 and 10 mM ionic strength from 1 mg/mL solution to silicone oil/water interface 
as measured by QCM. The mass increase has been derived from Sauerbrey equation as 
described in the text. The data points correspond to an interval of 100 seconds. 
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Figure 3: The ΔR vs. ΔF plot showing an elastic system (line A), a completely viscous 
system (line B) and the viscoelastic region. Line A is theoretical while line B is the best 
fit to the experimental data points (♦, n = 3) for ΔR and ΔF values which were obtained 
from 0-25 % w/w sucrose solutions using QCM at 25.0 oC as described in the text.     
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Figure 4(a): Amount of protein adsorbed to silicone oil/water interface as a function of 
its bulk concentration at pH 3.0 under 10 mM and 150 mM ionic strength and 25.0 oC    
(n ≥ 2). Both, the amount adsorbed at equilibrium (adsorption isotherms) and after rinsing 
with buffer are shown.  
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Figure 4(b): Amount of protein adsorbed to silicone oil/water interface as a function of 
its bulk concentration at pH 5.0 under 10 mM and 150 mM ionic strength and 25.0 oC    
(n ≥ 2). Both, the amount adsorbed at equilibrium (adsorption isotherms) and after rinsing 
with buffer are shown.  
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Figure 4(c): Amount of protein adsorbed to silicone oil/water interface as a function of 
its bulk concentration at pH 9.0 under 10 mM and 150 mM ionic strength and 25.0 oC    
(n ≥ 2). Both, the amount adsorbed at equilibrium (adsorption isotherms) and after rinsing 
with buffer are shown.  
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Figure 5(a): Langmuir fit to the protein adsorption data obtained at the silicone oil/water 
interface using QCM at pH 3.0 and 25.0 oC as a function of solution ionic strength.  
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Figure 5(b): Langmuir fit to the protein adsorption data obtained at the silicone oil/water 
interface using QCM at pH 5.0 and 25.0 oC as a function of solution ionic strength.  
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Figure 5(c): Langmuir fit to the protein adsorption data obtained at the silicone oil/water 
interface using QCM at pH 9.0 and 25.0 oC as a function of solution ionic strength.  
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Figure 6: Mass of protein adsorbed to the silicone oil/ water interface as a function of pH 
at 10 mM ionic strength from 0.1, 0.25 and 1 mg/mL solutions and 25.0 oC (n ≥ 2). 
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Figure 7(a): Near-UV CD for the Fc-fusion protein as a function of pH at 10 mM ionic 
strength. Studies were carried out in a 1.0 cm path length cell using a protein 
concentration of 1.0 mg/mL. The spectra were collected at a scan speed of 20 nm/min 
from 250 to 320 nm. Each scan was a result of five accumulations to increase signal to-
noise ratio. All scans were normalized for the concentration. The studies were conducted 
in triplicate. 
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Figure 7(b): Near-UV CD for the Fc-fusion protein as a function of pH at 150 mM ionic 
strength. Studies were carried out in a 1.0 cm path length cell using a protein 
concentration of 1.0 mg/mL. The spectra were collected at a scan speed of 20 nm/min 
from 250 to 320 nm. Each scan was a result of five accumulations to increase signal to-
noise ratio. All scans were normalized for the concentration. The studies were conducted 
in triplicate. 
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Figure 8: Mass of protein adsorbed on the silicone oil surface as a function of pH at    
150 mM ionic strength from 0.1, 0.25 and 1 mg/mL solutions and 25.0 oC (n ≥ 2). 
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Figure 9: Comparison of plateau amount of protein adsorbed at silicone oil/water 
interface for pH 3.0, 5.0 and 9.0 at 10 mM and 150 mM ionic strength and 25.0 oC         
(n ≥ 2). 
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Chapter 5 
The Effect of Tween® 20 on Silicone Oil-Fusion Protein Interactions 
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1. Abstract 
There is evidence in the literature that silicone oil, a lubricant, can induce aggregation in 
protein formulations delivered through prefilled syringes.  Surfactants are commonly 
used to minimize protein-silicone oil and protein-container interactions; however, these 
interactions are not well characterized and understood. The purpose of this manuscript 
was to understand the competitive interactions of a fusion protein with the silicone oil in 
the presence of Tween® 20. An adsorption isotherm for Tween® 20 at the silicone 
oil/water interface, using silicone oil coated quartz crystals, was generated at 25.0 oC to 
identify surface saturation concentrations. A concentration of Tween® 20 providing 
interfacial saturation was selected for protein adsorption studies at the silicone oil/water 
interface. The surfactant molecules adsorbed to the interface in a monolayer with a 
reduced viscoelastic character in comparison to the bound protein layer. A significant 
reduction in protein adsorption was observed when the surfactant was present at the 
interface.  No desorption of the pre-adsorbed protein molecules was observed when 
Tween® 20 was introduced, suggesting that the protein has strong interactions with the 
interface.  However, both, Tween® 20 and protein, adsorbed to the silicone oil/water 
interface when adsorption was carried out from a mixture of protein and Tween® 20.  
 
 
 
 
Keywords: Silicone oil/water interface, protein adsorption, surfactant, viscoelasticity.  
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2. Introduction 
Silicone oil, chemically a poly(dimethylsiloxane), has been widely used as a lubricant 
coating in the pharmaceutical drug storage and delivery devices, syringe barrels, 
cartridges, and vial stoppers, to improve processability during manufacturing and 
functionality during drug delivery.1 Silicone oil has been implicated to be a risk factor for 
the development of safe and stable biopharmaceutical formulations stored in 
syringes/vials because of the susceptibility of proteins to form aggregates or insoluble 
particulates in its presence.2-4 Such aggregated species have potential to induce immune 
response in patients and are clinically unacceptable.5 Immunogenic responses include 
generation of antibodies that neutralize these nonnative molecules, reducing their efficacy 
and hypersensitive reactions.  
Because of their amphiphilic nature, proteins are generally surface active and have a 
tendency to undergo structural alterations and loss of active structure on adsorption to 
hydrophobic interfaces.6,7 Since the silicone oil coating in a drug storage/delivery 
container presents a hydrophobic interface, the potential of a protein facing instability 
during storage does exist.  Surfactants, especially the nonionic e.g. polysorbate 20 and 80, 
are often added to protein formulations to prevent or minimize the interface induced 
damage during purification, filtration, transportation, freeze drying and storage.8,9  
The effectiveness of nonionic surfactants in stabilizing protein formulations has been 
widely investigated,10-15 and different mechanisms have been proposed. These include, 
competition between the surfactant and the protein molecules for the common 
interface,11,12,15 interaction of the surfactant with protein through hydrophobic sites to 
prevent the potential surface adsorption of the protein and the resulting denaturation,10 
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and the mechanism of preferential exclusion (e.g. PEGs).16 Recently it was shown that 
the use of polysorbate 20 in protein formulations resulted in reduced silicone oil induced 
monomer loss.17,18 Though the mechanism of surfactant action involved in these studies 
was speculated to the preferred adsorption of the surfactant over protein to the silicone oil 
surface, no direct experimental evidence was provided.  
A mechanistic understanding of the surfactant effectiveness in influencing protein-
silicone oil interactions would help protein formulation scientists in designing 
formulations with optimum stability against interface induced protein damage, resulting 
in improved product storage stability.  The available studies in the literature reporting the 
effect of surfactants on the protein-silicone oil interactions have used a dynamic 
liquid/liquid system, consisting of silicone oil based emulsions,17,18 which closely mimics 
the condition where silicone oil droplets are leached out in the bulk solution. With rapidly 
increasing use of prefilled syringes for the delivery of biologics, syringe manufacturers 
have devised processes (such as ‘baking’) to obtain physically stable silicone oil 
coatings,19 which are significantly less prone to leaching silicone oil in the solution. In 
such a scenario, the area of concern for the protein to adsorb, denature and aggregate 
would be the solid/liquid interface present at the silicone oil lubricated syringe/water 
contact areas. As pointed out by Mollman et al., very few pharmaceutically relevant 
proteins and nonionic surfactants have been studied directly at the solid/liquid interface.12 
The reason was attributed to both the lack of surface sensitive techniques and inability to 
perform in situ analysis, which would help in getting a better understanding of the 
involved mechanism.   
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We have shown the utility of quartz crystal microbalance (QCM) in determining protein 
adsorption to the silicone oil/water interface under different solution conditions.20 Briefly, 
QCM employs a probe consisting of a thin quartz disc with metal electrodes deposited on 
both faces.  Owing to the piezoelectric properties of quartz and its crystalline orientation, 
application of an external alternating electric potential through the metal electrodes 
produces an internal mechanical stress in the crystal, leading to its shear deformation and 
hence, the vibrational motion of the crystal at its resonant frequency (F).21  This resonant 
frequency is sensitive to any mass change on the crystal surface, as well as, any change in 
the viscosity-density of the surrounding environment.  In 1959, Sauerbrey derived a 
relationship between the shifts in the crystal resonant frequency and elastic mass bound 
to the crystal surface22:      
                                                ∆F ൌ  െ  2F୭
ଶ
Aඥρµ ∆m                                                   ሺ1ሻ    
where, ∆F is the frequency shift (Hz), Fo is the resonant frequency of the crystal (Hz), ∆m 
is the adsorbed amount (g), A is the active electrode area (cm2), ρ is the density of quartz 
(2.648 g/cm3), and µ is the shear modulus of quartz (2.947 x 1011 g/cm/s2). 
It has been described previously that when measurements are made in aqueous solutions, 
the Sauerbrey equation may not hold as the bound layer of the analyte may be inelastic, 
where a viscous coupling of the bound layer results in additional resonant frequency 
shifts with a dampening in the resonant oscillation, manifested in an increase in the series 
resonance resistance (R) of the quartz crystal.21 This requires the measurement of the 
resistance shift (ΔR) of the crystal besides measuring shift in the frequency (ΔF), which 
serves as an independent measure of the viscous loading by the bound layer on the crystal 
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surface and helps in differentiating an elastic mass effect from viscosity induced effect.23 
Measuring ΔR provides information about the physical properties of the bound layers, 
i.e., if it is rigid or viscoelastic. A layer rigidly coupled to the crystal surface dissipates no 
energy and results in zero change in the R value. However, a viscoelastic surface layer 
results in a positive shift in the R value because of the energy dissipation associated with 
viscous coupling. This viscous coupling results in an additional contribution to the total 
frequency shift and should be separated from the total frequency shift in order to 
determine the actual mass adsorbed elastically. In order to achieve this separation, the use 
of ΔR versus ΔF plot has been reported earlier.23,24   
Here we describe results from our QCM investigation of the adsorption behavior of a 
pharmaceutically relevant surfactant, Tween® 20 (polysorbate 20), and a fusion protein at 
a static silicone oil/water interface.   
3. Materials and Methods 
3.1 Materials 
AT-cut quartz crystals with optically flat polished gold/titanium electrodes with a 
fundamental resonant frequency of 5 MHz were acquired from SRS, Inc. (Sunnyvale, 
CA).  Protein used for these studies was an Fc-fusion protein supplied by Biogen Idec 
(Cambridge, MA) as a 100 mg/mL frozen formulation in 10 mM citrate buffer (pH 6.0, pI 
range of approximately 5.2-6.5).  Silicone fluid (poly(dimethylsiloxane), trimethylsiloxy 
terminated; PDMS, 1 million cSt) was obtained from UCT specialties LLC, Bristol, PA. 
All other chemicals including, Tween® 20, acetic acid, sodium acetate, hydrochloric acid, 
sodium hydroxide, hexane, hydrogen peroxide and sulfuric acid were obtained from 
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Fisher Scientific (Fair Lawn, NJ). Deionized water equivalent to Milli-QTM grade was 
used to prepare buffer solutions. PVDF filters (0.1µm) (Millipore, Billerica, MA) were 
used to filter the buffer solutions. Millipore (Billerica, MA) Amicon ultra centrifugal 
filters (Amicon ultra-15) with a molecular weight cut off of 10 kDa were obtained from 
Fisher Scientific.   
3.2 Methods 
3.2.1. Sample preparation 
Acetate buffer at pH 5.0 with 10 mM solution ionic strength maintained using appropriate 
concentrations of the buffer species and without the addition of salt, was used. 
Hydrochloric acid (1 N) and sodium hydroxide (1 N) were used to adjust the pH of the 
buffer solutions. Prior to analysis, protein was buffer exchanged with the desired buffer 
using Amicon ultra-15 centrifugal filters with a molecular weight cut off of 10 kDa.  
Appropriate volume of the stock was diluted to 15 mL with the desired buffer and 
concentrated back to 0.5 mL or less.  This process was repeated at least three times to 
ensure complete exchange with the buffer. Solution pH of the dialyzed sample was 
measured using pH meter (UB-5, Denver Instruments, Bohemia, NY) connected to an 
Orion micro pH electrode (Thermo Scientific, Beverly, MA).  The concentration of the 
protein was determined with a UV spectrophotometer (Cary 50-Bio, Varian, Inc., Palo 
Alto, CA) using an extinction coefficient of 1.25 (mg/mL)-1cm-1 at 280 nm.  The desired 
concentrations of the samples were prepared with dilution using the same buffer. 
Solutions of Tween® 20 were prepared either in deionized water or buffer.  
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3.2.2 Physical stability of the silicone oil coating in the presence of Tween® 20 
5 MHz quartz crystals were coated with silicone oil (PDMS) using solvent casting 
method.  The methods of silicone oil coating and details related to crystal handling were 
described earlier.20 The resonant frequency shift because of the polymer deposition was 
calculated from the crystal resonant frequency, before and after the polymer coating. The 
physical stability of the PDMS films formed on the crystals was tested in the presence of 
surfactant solution using QCM in flow mode. After establishing a stable baseline with 
respect to F and R signals using deionized water as the solvent, 0.02% w/v Tween® 20 
solution prepared in the same solvent was injected and the signal shifts were monitored. 
Once a stable signal was achieved, the system was solvent rinsed until the point of no 
further change in the F and R values. The crystal was then removed from the assembly 
and dried using high purity nitrogen, followed by drying at 100 oC for 15 minutes.  
Resonant frequency of the crystal was measured (in air) to calculate the net frequency 
change due to polymer removal and/or Tween® 20 adsorption. More details related to 
system handling are given in the following section. The control experiment consisted of 
exposing the blank (uncoated) crystal to Tween® 20 in a similar manner, and calculations 
were performed as described earlier by measuring the pre- and post-adsorption resonant 
frequencies of the crystal.  
3.2.3 Adsorption isotherms for Tween® 20 at silicone oil/water interface 
The adsorption of Tween® 20 to the silicone oil/water interface was studied in flow 
injection mode at 25.0 oC using QCM (QCM 200; SRS Inc., Sunnyvale, CA). 5 MHz 
quartz crystals, previously coated with the silicone oil were used in the study. Aqueous 
solutions of Tween® 20  of varying concentrations viz., 0.002%, 0.004%, 0.007%, 0.01%, 
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0.02%, 0.1% and 0.2% w/v were used. Briefly, the solvent of interest (triple distilled 
water) was made to flow through the system using a single syringe pump (NE 1010X; 
New Era Pump Systems, Inc., Farmingdale, NY) at a rate of 50 µL/minute. After 
establishing a stable baseline with respect to changes in F and R values in the solvent, 
250 µL of a given Tween® 20 sample was introduced into the system via a sample port.  
The changes in F and R values for the crystal due to the presence of surfactant were 
recorded as a function of time using QCM connected to an external computer via RS-232 
interface at an interval of 10 seconds using LabView Standalone software (National 
Instruments Corporation, Austin, TX).  The samples were allowed to remain in contact 
with the crystal surface until no further changes in the F and R values were observed for 
equilibrium to get established between Tween® 20 molecules in the solution and that 
adsorbed to the polymer surface.  These shifts in the F and R signals were used to 
calculate the amount of Tween® 20 bound to the silicone oil/water interface at 
equilibrium as follows: for each individual experiment, the shifts in the frequency (ΔF1) 
and resistance (ΔR1) produced upon the complete immersion of the dried crystal in 
water/buffer post stabilization were noted and used to calculate the (ΔR1/ΔF1)viscous. The 
change in the frequency (ΔF2) and resistance (ΔR2) due to the adsorption of surface active 
species to the silicone oil/water interface was calculated with respect to the crystal 
immersed and stabilized in water/buffer. Any viscous contribution to ΔF2 (caused by the 
bound analyte layer) was obtained by (ΔR2/ΔF2) / (ΔR1/ΔF1)viscous. The remaining fraction 
was multiplied by ΔF2 in order to obtain the (ΔF2)elastic and was used to calculate the 
actual mass bound i.e. the elastic contribution, using Sauerbrey equation (eq. 1) taking 
the crystal constant into account. 
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The system was then rinsed with the same solvent until no further changes in F and R 
values were observed.  Thus, the differences in the F and R values before Tween® 20 
injection and after the system rinse were used to calculate the amount of Tween® 20 that 
was irreversibly adsorbed to the PDMS surface on the time scale of our studies. 
3.2.4 Protein adsorption studies in the presence of Tween® 20 
Protein adsorption studies at the silicone oil/water interface were carried out in the 
presence of Tween® 20 at 25.0 oC using QCM. The studies were conducted at pH 5.0 and 
10 mM solution ionic strength, using a protein concentration of 0.1 mg/mL and 0.02% 
w/v of Tween® 20 (1:163; protein to Tween® 20 molar ratio).  The experimental scheme 
of sample insertion in the system involved either, the sequential adsorption mode, where 
the protein and Tween® 20 were introduced in to the system one after the other, 
respectively, and vice versa, or co-adsorption mode, where both the protein and Tween® 
were added together. A similar methodology has been used earlier for the studies carried 
out with Tween® 80 and lysozyme adsorption onto hydrophobic and hydrophilic silica 
surfaces using ellipsometry.25    
Sequential mode; Tween® 20 followed by protein (Case I): The system was first 
stabilized with respect to F and R signals with the buffer flowing over the silicone oil 
coated quartz surface. Tween® 20 at 0.02% w/v concentration was introduced into the 
system and allowed to stay in contact with the adsorbent surface with adsorption 
monitored, until stable F and R values were attained. The system was then rinsed with the 
buffer to remove any surfactant that was either present in the bulk, or was reversibly 
bound to the surface. Protein was then introduced in to the system and any further 
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changes in the signals were monitored until signal stability was achieved. This was 
followed by the buffer rinse and signal monitoring. Calculations were performed as 
described before to obtain the mass of protein adsorbed in the presence of Tween® 20. 
Studies were also carried out where rinsing of the pre-adsorbed Tween® 20 molecules 
was avoided before the protein introduction. 
Sequential mode; protein followed by Tween® 20 (Case II): A similar procedure as in 
case I was used with the sequence of sample introduction followed in reverse. The 
protein adsorption was first monitored, followed by buffer rinse after which Tween® 20 
was introduced in the system, followed by a final buffer rinse. Each step was monitored 
till stability in F and R values were obtained. Amount of protein and Tween® 20 bound 
was calculated taking into account the F and R values obtained after each sample 
introduction and solvent rinsing.  
Co-adsorption (Case III): Protein and Tween® 20 were mixed together to obtain a 
solution containing 0.1 mg/mL protein in 0.02% w/v Tween® 20 and incubated for at 
least 1 hour prior to analysis. The mixture was introduced into the system, previously 
equilibrated with the buffer, and allowed to stay in the surface contact. Adsorption was 
monitored with time until stable signals were achieved. The system was then rinsed with 
buffer to remove any reversibly bound species. Calculations were performed using the F 
and R values to calculate the total combined mass adsorbed to the silicone oil/water 
interface.  
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4. Results and discussion 
4.1 Silicone oil coating and its physical stability in the presence of Tween® 20 
In a previous study, it was shown that the coatings obtained with high viscosity PDMS 
were stable in the presence of water.20 Upon exposure of the PDMS coating to a Tween® 
20 solution, two outcomes are possible. One, the surfactant molecules can adsorb to the 
PDMS surface resulting in a frequency decrease (a larger ΔF compared to PDMS coated 
crystal). Two, surfactant molecules solubilize the PDMS coating which would result in 
partial or complete removal of the coating.  The overall change in ΔF observed will be a 
result of the change caused by the removal of silicone oil coating and adsorption of the 
surfactant to PDMS and/or gold surface. Figure 1 shows the shifts in the resonant 
frequency of the quartz crystal (measured in air) after the crystals (uncoated or PDMS 
coated) were exposed to 0.02% w/v Tween® 20 solution and then dried. For comparison, 
the frequency shift in crystal resonance because of PDMS coating followed by 2 hour 
exposure to water is also shown. The resonant frequency shift for the uncoated quartz 
crystal following Tween® 20 adsorption is 3 ± 2 Hz.  If the PDMS coating were 
completely dissolved by the surfactant then ΔF should be of the same magnitude as for 
the gold surface in the presence of the surfactant.  Whereas partially dissolved coating 
would result in a significant reduction in ΔF compared to the PDMS coating.  Bar C in 
figure 1 shows that there is no decrease in ΔF when PDMS coating is exposed to 0.02% 
w/v Tween® 20 for 100 minutes.  This shows that the coating is stable in the presence of 
the surfactant for the duration of the experiment.   
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4.2 Kinetics of protein and Tween® 20 adsorption to the silicone oil/water interface 
Figure 2 compares the kinetic profiles of Fc-fusion protein (0.1 mg/mL) and Tween® 20 
(0.02% w/v) adsorption to the silicone oil/water interface at pH 5.0 and 10 mM solution 
ionic strength.  The introduction of the protein into the system causes a drop in the crystal 
resonant frequency corresponding to protein adsorption at the silicone oil/water interface 
(fig. 2(a)). The adsorption attained a constant value within 30 minutes as seen by the 
stability of the frequency signal. Rinsing the system with the buffer causes a < 10 % of 
the protein to desorb as seen by the recovery of frequency shift. However, for the 
duration of our studies, the protein remains irreversibly bound to the silicone oil/water 
interface. Such an apparent irreversibility of the protein adsorption on hydrophobic 
polymeric interfaces by different techniques has been reported in the literature.6,26,27 
Similarly, adsorption of Tween® 20 to the silicone/water interface also causes a drop in 
the crystal resonant frequency; however, the magnitude of the shift is significantly 
smaller than that observed for the protein. Adsorption of Tween® 20 reached a plateau 
within 30 minutes. Introduction of the solvent recovers a small fraction of the frequency 
shift corresponding to the removal of reversibly adsorbed Tween® 20 molecules. 
However, a significant amount of Tween® 20 remains irreversibly adsorbed to the 
silicone oil/water interface over the time span of the experiments. This observation is 
consistent with previous results on hydrophobic interfaces for different surfactants.25,28 
However, studies on surfaces of varying wettability showed Tween® desorption when 
rinsed with buffer, suggesting its reversibility.29   
Resistance or dissipation denotes the viscous contribution to the total frequency shift and 
represents the energy loss associated with adsorption. A rigidly coupled film shows 
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negligible resistance shift due to its elasticity, however, a positive shift in resistance 
denotes the formation of an adsorbed layer with viscous properties.  Figure 2(b) shows 
the resistance shifts upon Tween® 20 adsorption to the silicone oil/water interface. 
Adsorption of Tween® 20 to the interface causes a significant rise in the resistance signal, 
and is larger than that seen for the adsorption of the protein. This suggests that the 
surfactant film is relatively less viscoelastic than the protein film. Once the adsorption is 
complete, rinsing the system with the solvent leaves a layer of the surfactant molecules 
which still shows significant viscous properties as seen by the high residual resistance at 
the end of the experiment (fig. 2(b)). 
Figure 3 compares the properties of the adsorbed layers of Tween® 20 and the fusion 
protein at the silicone oil/water interface with the reference viscous and elastic systems.   
Deionized water represents a viscous system (frequency shift is purely due to viscous 
effect; 100% viscous contribution), where the average slope (ΔR1/ΔF1)viscous was          
0.41 Ω/Hz. The same slope would be zero for a purely elastic system (no energy 
dissipation associated with the bound layer i.e. ΔR1 = 0, and frequency shift is purely due 
to the elastic effect; 0% viscous contribution). The Fc-fusion protein forms a layer which 
is nearly rigid (4% average viscous contribution to the frequency shift) whereas in 
comparison, the bound layer of Tween® 20 has significantly higher viscous character 
(30% average viscous contribution to the frequency shift).  
4.3 Adsorption isotherms for Tween® 20 at silicone oil/water interface 
The hydrophobic forces that drive the adsorption of surfactants at the air/water interface 
and subsequent formation of micelles in the bulk are essentially the same as those that 
130 
 
promote the adsorption of the surfactant molecules to a hydrophobic solid/liquid 
interface. However, in comparison to air/water interface, the adsorption to a solid/liquid 
interface differs as follows: first, the solid surface could be a source of additional 
interactions such as electrostatics from the ionized surface groups, and second, whereas at 
an air/liquid interface the penetration of the hydrophobic tail of the surfactant is allowed, 
it is not permitted on a solid/liquid interface.  
Adsorption isotherm is obtained by measuring the depletion of the bulk surfactant as a 
function of equilibrium bulk concentration and can be used to obtain adsorption affinity, 
surfactant concentration achieving surface saturation, and the orientation of the adsorbed 
molecules. The adsorption of Tween® 20 at the rigid silicone oil coating/formulation 
interface as a function of its bulk concentration is shown in figure 4. The surfactant 
concentrations used are both above and below the reported CMC values (0.006% w/v30; 
0.007% w/v31). The saturation of the interface is observed near 0.007% w/v bulk Tween® 
20 concentration as the mass adsorbed does not change significantly thereafter at higher 
concentrations. This surfactant concentration required for the saturation of silicone 
oil/water interface in the present case is similar as for the saturation of the air/water 
interface, suggesting that the hydrophobic interactions govern the adsorption of Tween® 
20 to the silicone oil/water interface. Figure 4 shows a type I adsorption isotherm, which 
is consistent with a Langmuir monolayer adsorption model.  
The monolayer adsorption model was utilized to get information about the orientation of 
Tween® 20 molecules at the interface. Using equation 2, and taking the adsorbed mass, 
the area occupied by each Tween® 20 molecule at the silicone oil/water interface was 
calculated to be 91 Å2.                    
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                          Molecular area (Å2) =   
ଵ଴భల
ேಲכ ௠                                                   ሺ2ሻ 
where, ஺ܰ  is the Avogadro’s number and ݉ is the amount of surfactant (in moles/cm2) 
required to form a monolayer on the silicone oil/water interface. Nińo and Patino found 
an average area of 46.5 Å2 for Tween® 20 monomer at the air/water interface,32 where the 
surfactant molecules could be vertically oriented. Our theoretical calculations, taking into 
account the lengths of the respective bonds of the lauric acid chain (the moiety in contact 
with the adsorbing surface), give an area of ~ 40 Å2 in horizontal orientation. This 
suggests that Tween® 20 molecules are adsorbed in a loosely compacted layer because of 
the steric hindrance associated with the bulky oxyethylene moiety. Figure 4 also shows 
that the amount of Tween® 20 remaining irreversibly bound to the silicone oil/water 
interface, after rinsing the system with the solvent, is on average 77% of the amount 
adsorbed at the equilibrium. In the time scale of our adsorption studies, this irreversibly 
bound fraction is much smaller than that observed for the protein.20 
4.4 Protein adsorption in the presence of Tween® 20 
Case I: Protein adsorption following Tween® 20 adsorption 
Protein adsorption studies were carried out at pH 5.0 and 10 mM ionic strength because 
under these conditions the adsorption of the protein was maximum at the silicone 
oil/water interface.20 Protein bulk concentration of 0.1 mg/mL was sufficient to provide 
interfacial saturation. Tween® 20 concentration of 0.02% w/v was selected because it is 
above its reported CMC and is sufficient to achieve the saturation of the silicone oil/water 
interface (fig. 4). This concentration is also in the range of commonly used Tween® 20 
concentration in pharmaceutical industry for protein formulations (0.0003-0.3% w/v).33 
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The protein and surfactant concentrations used here did not change the bulk properties 
(viscosity, density, viscoelasticity) of the solution to significantly affect the QCM signal. 
Figure 5 shows the adsorption kinetics of Tween® 20 followed by the adsorption kinetics 
of the Fc-fusion protein at the silicone oil/water interface, as monitored by F and R shifts 
in the QCM signal. Introduction of 0.02% w/v Tween® 20 solution led to a decrease in 
the F (because of the surfactant adsorption at the interface) with a simultaneous increase 
in the R (formation of viscoelastic layer at the interface). After obtaining stable signals 
when no further change in these parameters was observed, the system was rinsed with the 
buffer which removed the bulk Tween® 20 molecules. Any reversibly adsorbed 
molecules were also removed during this rinse cycle and can be seen by a frequency 
increase and resistance shift recovery, both of which reach a plateau after some time. 
Upon protein introduction in the system, a further decrease in the resonant frequency was 
observed which indicates the adsorption of protein at the interface. However, the extent 
of frequency decrease was significantly less than that observed for the protein adsorption 
at the silicone oil/water interface in the absence of any Tween® 20 (fig. 2(a)). This 
suggests that the presence of pre-adsorbed Tween at the interface leads to a reduction in 
protein adsorption, but the presence of Tween® 20 did not completely inhibit the 
adsorption of the protein to the interface.  
The resistance signal showed a slight drop when the protein was introduced into the 
system treated with Tween® 20. This drop could be attributed to the displacement of a 
fraction of adsorbed Tween® 20 molecules from the surface. On rinsing the system with 
the solvent, a slight frequency increase can be seen which is attributed to desorption of 
weakly adsorbed protein molecules. This is supported by the observation that the 
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decrease in the resistance is negligible.  It was shown previously in figure 2(b) that the 
resistance drop after rinsing is negligible for a protein whereas it is significant for the 
Tween® 20.  The final resistance value at the end of the experiment is still significantly 
higher than that seen with the protein adsorption to the interface alone, suggesting that 
the protein did not displace Tween® 20 molecules from the interface to a significant 
extent. 
Case II: Tween® 20 adsorption following protein adsorption 
Figure 6 shows the kinetics of protein adsorption at the silicone oil/water interface, which 
is followed by buffer rinse, and then introduction of Tween® 20. The adsorption of the 
protein results in a significantly larger resonant frequency decrease and a much smaller 
crystal resonant resistance increase in comparison to Tween® 20 adsorption to the 
silicone oil alone (fig. 2(a)). After rinsing the system containing the adsorbed protein, 
addition of 0.02% w/v Tween® 20 led to a further decrease in the crystal resonant 
frequency, indicating an increase in the adsorbed mass because of Tween® 20 adsorption. 
Nevertheless, the magnitude of the frequency decrease was significantly less than that 
observed for Tween® 20 adsorption to the silicone oil/water interface alone (fig. 2(a)). 
This increase in the adsorbed mass in the presence of pre-adsorbed protein could be 
attributed to the adsorption of Tween® 20 at the empty sites at the interface and/or on to 
the adsorbed protein molecules. Despite the fact that the amount of Tween® 20 adsorbed 
in the presence of pre-adsorbed protein is less compared to Tween® 20 adsorbed at the 
silicone oil/water interface alone, a high magnitude of resistance increase was observed, 
which is similar to that observed for Tween® 20 alone. Rinsing the system further, once a 
plateau in the QCM signals is achieved, led to an increase in the crystal resonant 
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frequency accompanied by a decrease in the resonant resistance, characteristic of 
desorption of reversibly adsorbed Tween® 20 molecules. Since the frequency shift 
observed at the end of this experiment was much larger in magnitude than for Tween® 20 
adsorption alone to the interface, it suggests that Tween® 20 was not able to displace the 
protein molecules from the silicone oil/water interface.  
It has been previously shown that the ability of surfactant to displace surface adsorbed 
protein decreases with an increase in the protein surface residence time at the 
hydrophobic surfaces.29,34,35 Since the protein molecules make contacts with a nonpolar 
interface through hydrophobic residues, the protein conformation can change to minimize 
the contact of the hydrophobic residues with water. This can lead to multiple contacts 
resulting in a stronger or rigid adsorption resulting in irreversible binding.  Over the time 
scale of this study, the Fc-fusion protein adsorbs at the silicone oil/water interface 
irreversibly, which is evident by a low ∆R/∆F ratio and a small change in the resonant 
frequency after rinsing with the buffer. This rigid binding of the protein could be 
responsible for the inability of the surfactant to displace the protein from the silicone 
oil/water interface. 
Case III: Protein - Tween® 20 co-adsorption 
One of the mechanisms by which the nonionic surfactants protect the protein molecule 
against interface induced damage is by binding to its hydrophobic sites10 and preventing 
adsorption to the hydrophobic surface. Whether Tween® 20 prevents protein adsorption 
to the silicone oil/water interface was investigated by studying the adsorption from a 
mixture of Tween® 20 and the fusion protein. Figure 7 shows the kinetics of adsorption at 
the silicone oil/water interface when a solution containing protein (0.1 mg/mL) and 
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Tween® 20 (0.02% w/v) was added. The adsorption of the surface active species to the 
silicone oil/water interface causes a decrease in the resonant frequency of the crystal. The 
magnitude of the shift is similar to the total frequency shift caused by Tween® adsorption 
followed by protein adsorption to the interface (Case I above; fig. 5) and is also similar to 
the frequency shift caused by adsorption of the protein to the interface alone (fig. 2(a)). 
However, the frequency shift is accompanied by an increase in the resonant resistance 
(~2.0 Ω), which is a characteristic of Tween® 20 adsorption. On the other hand, the 
frequency decrease at equilibrium is significantly greater in magnitude than that observed 
for Tween® 20 adsorption to the interface alone. This suggests that both Tween® 20 and 
the protein are adsorbed at the interface when a mixture is used. 
4.5 Comparison of adsorption results 
In QCM, the adsorbed mass is calculated from the resonant frequency decrease of the 
crystal. It is not possible to differentiate between the binding species where two 
components, which can reduce the frequency of the crystal by adsorption, are present 
together.  However in the present case, the resistance shift can be used as a useful 
indicator to distinguish different adsorbed species. Figure 8 compares the adsorption of 
protein and Tween® 20 both at the equilibrium and after solvent rinse of the system.  A 
rinsing step simplifies the interpretation of the adsorption results. A reduction in the 
adsorbed mass from the crystal surface after a rinse is considered to be the characteristic 
of the reversibly bound species.  The adsorption of both the protein and Tween® 20 was 
essentially irreversible to a significant extent, with Tween® 20 showing a greater 
reversibility than the protein. There is a reduction in the mass of protein that binds to the 
silicone oil/water interface when Tween® 20 was present as a pre-adsorbed species. 
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When the protein is introduced in the system after surfactant adsorption, the extent of 
protein adsorption does not change significantly whether the system is rinsed or not 
rinsed with buffer before the introduction of the protein.  The results point to the fact that 
there is a monolayer of surfactant that binds to hydrophobic interfaces in an irreversible 
manner,28,36 which could prevent/minimize the protein adsorption.  
5. Conclusions 
Adsorption of Tween® 20 at the solid silicone oil/water interface occurred in a loosely 
packed monolayer pattern with the bound surfactant layer possessing a significantly 
greater viscous character in comparison to the bound protein at the same interface. 
Tween® 20 was found to be effective in significantly reducing the protein adsorption to 
the silicone oil layer when present as a pre-adsorbed species, however, it was not 
effective when the surfactant was introduced after the interfacial protein adsorption is 
complete. Adsorption of both the protein and the surfactant occurred when the adsorption 
was carried out from a mixture. 
Protein adsorbed at the hydrophobic silicone oil/water interface can undergo 
denaturation. This denatured species can revert back to the solution to cause aggregation 
in the bulk by combining with similar molecules. In a protein formulation stored in 
prefilled syringe, this process of protein surface adsorption, denaturation, and desorption 
can continue to cause increased bulk protein aggregation over the product shelf life (~ 2 
years). Surfactants are added to minimize these protein-silicone oil interactions, however, 
our knowledge still lacks regarding their mechanism at the interface. Studying the 
competitive adsorption behavior of protein and the surfactant directly at the silicone oil 
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surface will help us better comprehend these interactions, and to design formulations with 
optimum stability in the long run. Studies are in progress to study the long term 
adsorption-desorption behavior of this protein at the silicone oil/water interface.   
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8. Figures 
 
 
Figure 1: Effect of Tween® 20 on the PDMS coating. All the frequency measurements 
were done in air and are in comparison with uncoated (gold plated) quartz crystals.          
A - frequency shift observed when uncoated crystal was exposed to 0.02% Tween® 20 
and dried; B - shift due to PDMS coating and drying; C - shift for the PDMS coated 
crystal when exposed to 0.02% Tween® 20 and dried (n ≥ 3).   
0
10
20
30
40
50
60
0.02% w/v Tween 20 solution PDMS PDMS and 0.02% w/v Tween
20 solution
-ΔF
 (H
z)
Resonant frequency shift for the quartz crystal as measured in air after different 
sample treatments
A
C
B
142 
 
 
Figure 2(a): Time course of frequency shifts observed for the Fc-fusion protein          
(0.1 mg/mL) and Tween® 20 (0.02% w/v) adsorption to the silicone oil/water interface at 
pH 5.0 and 10 mM solution ionic strength.  
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Figure 2(b): Time course of resistance shifts observed for the Fc-fusion protein           
(0.1 mg/mL) and Tween® 20 (0.02% w/v) adsorption to the silicone oil/water interface at 
pH 5.0 and 10 mM solution ionic strength.  
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Figure 3: Viscoelastic properties of the adsorbed layer of the Fc-fusion protein             
(0.1 mg/mL) and Tween® 20 (0.02% w/v) at the silicone oil/water interface at pH 5.0 and 
10 mM solution ionic strength as determined by the comparison to a purely viscous and a 
completely elastic system.    
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Figure 4: Amount of Tween® 20 (in water) adsorbed to the silicone oil/water interface at      
equilibrium (adsorption isotherms) and remaining adsorbed after the rinse as a function of 
its bulk concentration at 25.0 oC using QCM. Solid line is a Langmuir fit to the data (n ≥ 2). 
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Figure 5: Time course of frequency and resistance changes as observed for the           
Tween® 20 and Fc-fusion protein adsorption in sequential mode at pH 5.0 and 10 mM 
solution ionic strength to the silicone oil/water interface with QCM at 25.0 oC. 
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Figure 6: Time course of frequency and resistance changes as observed for the Fc-fusion 
protein and Tween® 20 adsorption in sequential mode at pH 5.0 and 10 mM solution 
ionic strength to the silicone oil/water interface with QCM at 25.0 oC. 
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Figure 7: Time course of frequency and resistance changes as observed for the          
Tween® 20 and Fc-fusion protein co-adsorption at pH 5.0 and 10 mM solution ionic 
strength to the silicone oil/water interface with QCM at 25.0 oC. 
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Figure 8: Comparison of results for the adsorption of Tween® 20 and Fc-fusion protein to 
the silicone oil/water interface at pH 5.0 and 10 mM solution ionic strength and 25.0 oC         
(n ≥ 2). 
 
 
 
 
 
 
 
0
100
200
300
400
500
600
700
800
900
Protein Tween Protein with Tween
already present
Protein + Tween
M
as
s a
ds
or
be
d 
(n
g/
cm
2 )
At equilibrium
After rinse
150 
 
Chapter 6 
Protein-Silicone Oil Interactions: Comparative Effect of Nonionic Surfactants on 
the Interfacial Behavior of a Fusion Protein 
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1. Abstract 
The purpose of this study was to study and compare the competitive interactions of a 
fusion protein with silicone oil in the presence of three nonionic surfactants. The 
adsorption of Tween® 80, Pluronic® F68 and Tween® 20 was studied at the silicone 
oil/water interface using quartz crystal microbalance. An interfacial saturating 
concentration of each surfactant was used to study the effect of surfactants on protein 
adsorption at the silicone oil/water interface in sequential adsorption and co-adsorption 
modes. Protein-surfactant binding in the bulk was measured using dynamic surface 
tension method.  All of the surfactants adsorbed as monolayers at the silicone oil/water 
interface. The surfactant monolayer had significantly lower viscoelasticity than the 
adsorbed protein layer. All the surfactants, when present before the introduction of the 
protein, were equally effective in reducing the protein adsorption to the silicone oil/water 
interface. No desorption of the adsorbed protein molecules was seen upon surfactant 
introduction, implying strong interfacial interactions of this protein. Results from co-
adsorption mode studies suggested that surfactant binding to the protein is not playing a 
role in preventing the interfacial protein adsorption. The absence of any measurable 
binding observed between protein and surfactant in bulk supported this hypothesis.  
 
 
 
Keywords: Silicone oil, protein adsorption, protein aggregation, surfactant, 
viscoelasticity.  
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2. Introduction 
Because proteins are amphiphilic, they are generally surface active and interact with 
various interfaces encountered during various pharmaceutical processes such as 
purification, filling, filtration, agitation, freeze-thaw and storage. The interfacial 
interactions can lead to a loss of active protein structure1,2 resulting in diminished 
biological activity and aggregation upon storage.  The hydrophobic silicone oil/water 
interface has been implicated in protein aggregation.3-6 Silicone oil is used as a lubricant 
in prefilled syringes, and therefore, silicone oil/water interface is commonly encountered 
by the protein molecules.   
Adsorption of a protein to the silicone oil/water interface is the first step in the process of 
silicone oil induced protein aggregation. The adsorption can be minimized by the use of 
nonionic surfactants in protein formulations. The use of the surfactants in 
biopharmaceuticals for stabilization effect has been attributed mainly to the competition 
of the surfactant with the protein for a common interface,7-9 and the interaction of the 
surfactant with protein through hydrophobic sites to prevent the potential surface 
adsorption of the protein.10 However, a fundamental understanding of the role of 
surfactants in affecting the protein-silicone oil interactions is still lacking. Studying the 
adsorption of proteins directly at a static silicone oil/water interface, existing in a 
lubricated syringe, in the presence of surfactant would provide a better mechanistic 
understanding of these interactions.  
We have previously shown the effect of Tween® 20 on the interactions of a fusion protein 
with silicone oil.11 In this study, we compare the effect of three pharmaceutically relevant 
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nonionic surfactants, Tween® 80, Pluronic® F68 and Tween® 20 (fig. 1) on the 
interactions of a Fc-fusion protein with a thin film of silicone oil.  
3. Materials and Methods 
3.1 Materials 
AT-cut quartz crystals with optically flat polished gold/titanium electrodes and a 
fundamental resonant frequency of 5 MHz were acquired from SRS, Inc. (Sunnyvale, 
CA).  Protein used in these studies was a Fc-fusion protein supplied by Biogen Idec 
(Cambridge, MA) as a 100 mg/mL frozen formulation in 10 mM citrate buffer (pH 6.0, pI 
range of approximately 5.2-6.5).  Silicone fluid (poly(dimethylsiloxane), trimethylsiloxy 
terminated (PDMS); 1 million cSt) was obtained from UCT specialties LLC (Bristol, 
PA). All other chemicals including Tween® 80, Tween® 20, Pluronic® F68, acetic acid, 
sodium acetate, hexane, hydrogen peroxide, and sulfuric acid were obtained from Fisher 
Scientific (Fair Lawn, NJ). Deionized water equivalent to Milli-QTM grade was used to 
prepare buffer solutions. PVDF filters (0.1µm) (Millipore, Billerica, MA) were used to 
filter the buffer solutions.  Millipore (Billerica, MA) Amicon ultra centrifugal filters 
(Amicon Ultra-15) with a molecular weight cut off of 10 kDa were obtained from Fisher 
Scientific.   
3.2 Methods 
3.2.1 Sample preparation 
The protein was formulated at pH 5.0 (acetate) with 10 mM solution ionic strength, 
maintained using appropriate concentrations of the buffer species, without the addition of 
any salt. Further details related to protein sample preparation are given in a previous 
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publication.11 Surfactant solutions were prepared either in deionized water or buffer (pH 
5.0) on % w/v basis.  
3.2.2 Adsorption isotherms for surfactants at silicone oil/water interface 
Silicone fluid (PDMS; 1 million cSt) coated quartz crystals (5 MHz) were used in these 
studies. The adsorption isotherms for the surfactants, in distilled water, were generated at 
the interface using QCM at 25.0 oC. The details related to system handling have been 
described previously.11,12 Briefly, solvent of interest was made to flow through the system 
at a rate of 50 µL/minute. After establishing a stable baseline with respect to changes in 
frequency (F) and resistance (R) values in the solvent, surfactant sample was introduced 
into the system. Various solution concentrations of surfactant both above and below the 
reported critical micelle concentration (CMC) were used. The changes in F and R values 
of the crystal due to the presence of surfactant were recorded as a function of time using 
QCM (QCM 200; SRS Inc., Sunnyvale, CA) system connected to an external computer 
via RS-232 interface at an interval of 10 seconds using LabView Stand alone software 
(National Instruments Corporation, Austin, TX). The samples were allowed to remain in 
contact with the crystal surface until no further changes in the F and R values were 
observed for equilibrium to get established between the surfactant molecules in the 
solution and that adsorbed to the polymer surface. These shifts in the F and R signals 
were used to calculate the amount of surfactant bound to the silicone oil/water interface.11   
3.2.3 Equilibrium surface tension measurements  
The studies were conducted in distilled water at 24.0 ± 0.5 oC using a semiautomatic 
Surface Tensiomat model 21 (Fisher scientific company, NJ) utilizing a platinum-iridium 
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du-Noüy ring. A 15 mL volume of each solution was added to a pre-cleaned petri dish 
(60 mm x 15 mm), and the dish surface was allowed to saturate for 15 minute before 
discarding the solution. The test solution (15 mL) was then added to the petri dish, 
covered to prevent any solvent evaporation, and stored for 24 hours before making any 
measurements. The force required to detach the ring from the surface of the solution is 
proportional to the apparent surface tension (ܲ). The apparent surface tension is then 
converted to true surface tension (ܵ) by using a correction factor (ܨ): 
                                                            ܵ ൌ ܲ  ൈ  ܨ                                                           ሺ1ሻ 
where, ܨ is dependent on the radius and circumference of the ring, radius of the wire used 
in the ring, apparent surface tension (dial reading), and densities of the two phases. The 
measurements were conducted in duplicate.  
3.2.4 Protein adsorption studies in the presence of surfactants 
Protein adsorption studies at the silicone oil/water interface were carried out in the 
presence of surfactants at 25.0 oC using QCM. The studies were conducted at pH 5.0 with 
10 mM solution ionic strength, using a protein concentration of 0.1 mg/mL and surfactant 
concentrations of  0.02% w/v (Tween® 80 and Tween® 20) and 0.035% w/v (Pluronic® 
F68). The experimental scheme of sample introduction in the system involved either the 
sequential or co-adsorption modes. In sequential adsorption mode, the protein and 
surfactant were introduced into the system one after other, respectively, and vice versa. In 
co-adsorption mode, both the protein and surfactant were added together. The details of 
the method were given previously.11 
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3.2.5 Protein-surfactant binding studies  
The binding between the Fc-fusion protein and surfactants was studied using the 
maximum bubble pressure method at pH 5.0 and 10 mM solution ionic strength. The 
maximum bubble pressure technique measures the dynamic surface tension of a newly 
formed surface of a bubble in a solution. The observed surface tension depends on the 
amount of surface-active species adsorbed onto the newly formed surface, which in turn 
depends on its size, molecular weight, and the rate at which the interface is generated 
(bubble rate or surface age). A bubble rate can be chosen where only the free surfactant 
contributes to the surface tension, and the contribution from the larger species (protein 
monomer, protein aggregates, and protein-surfactant complex) can be avoided. Because 
of the relative slow diffusion of macromolecules, this technique can be used to monitor 
the changes in the surface tension caused by only the surfactant in a mixture of a 
surfactant and macromolecule. The change in the surface tension can be related to the 
concentration of free surfactant molecules, and hence any binding between protein and 
the surfactant will be reflected in the surface tension values.  Further details related to the 
principle and working of the technique are given elsewhere.13 
Surface tension measurements were conducted using Sensadyne 9000 surface tensiometer 
(Chem-Dyne Research Corp., Mesa, AZ) with two offset glass probes of diameter 0.5 and 
4.0 mm and at a bubble rate of 0.2 bubbles/second (surface age - 5 seconds). Calibration 
of the instrument was performed before each measurement (and further, after any change 
in the instrument settings) using triple distilled water and ethanol as high and low surface 
tension standards, respectively with corresponding surface tension values of 72.1 and 
22.4 dynes/cm at 25.0 oC. The surface age was kept constant at 5 seconds and readjusted 
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if needed during the titration process. The temperature of the fluid under measurement 
was kept constant at 25.0 ± 0.1 oC using an external water bath. Titrations of the buffer 
were first performed using a stock surfactant solution to generate a surface tension versus 
concentration profile. The protein solution (5.0 μM) in buffer was titrated with the same 
stock of surfactant solution.  
4. Results and discussion     
4.1 Surfactant adsorption at the silicone oil/water and air/water interfaces 
Surfactants are commonly added to the protein formulations to provide protection against 
both the air/water and container/water interfaces. The adsorption behavior of surfactants 
at air/water interface has been widely studied, however, reports for their adsorption at the 
interface between container and formulation are lacking.14 In order to determine the bulk 
surfactant concentrations needed to achieve interfacial saturation, adsorption isotherms 
for the three nonionic surfactants were generated at the silicone oil/water interface (fig. 
2). All the surfactants show an initial rise in adsorption, which is followed by a plateau. 
Figure 2 also shows that the Langmuir monolayer adsorption model (eq. 2) can be used to 
describe the data for surfactant adsorption at the silicone oil/water interface: 
                                                  ∆݉∆݉௠௔௫ ൌ  
ܭ௔ௗ௦ܥ
1 ൅ ܭ௔ௗ௦ܥ                                                    ሺ2ሻ 
where, ∆݉ is the adsorbed mass, ∆݉௠௔௫ is the mass required to get a monolayer 
coverage on the interface, ܭ௔ௗ௦ is the adsorption affinity constant, and ܥ is the bulk 
surfactant concentration at the equilibrium.  
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Langmuir equation can be applied when the following assumptions are met: (i) the 
adsorbent surface is homogenous, (ii) the adsorption occurs in one molecular layer,            
(iii) both the solvent and solute molecules have equal cross sectional areas, and (iv) there 
are no net solute-solvent or solute-solute interactions, both in the bulk phase and at the 
interface.15 The last two assumptions are difficult to meet in the adsorption of surfactants 
from aqueous solutions on to an interface. However, it has been shown by the use of the 
Flory-Huggins principle that the last two assumptions cause deviations from the 
Langmuir expression that are in opposite directions to one another, and hence 
compensate each other, giving a good Langmuir fit to the data.15 This model was 
therefore used here to get information about the possible orientation of the surfactant 
molecules at the interface. Equation 2 can be linearized to equation 3 and the mass of 
surfactant required to achieve monolayer coverage could then be determined: 
                                                 ܥ∆݉ ൌ 
ܥ
∆݉௠௔௫ ൅
1
ሺ∆݉௠௔௫ܭ௔ௗ௦ሻ                                        ሺ3ሻ 
The area occupied by each molecule and hence, the possible orientation of the surfactant 
units at the silicone oil/water interface can then be determined using equation 4:  
                           Area occupied by each molecule (Å2) =   ଵ଴
భల
ேಲכ ௠                           ሺ4ሻ 
where, NA is the Avogadro’s number and m (= ∆݉௠௔௫) is the amount of surfactant (in 
moles/cm2) required to form a monolayer on the silicone oil/water interface. The results 
are given in Table 1 and discussed later in comparison with the adsorption data obtained 
at the air/water interface. For the duration of the experiments, the silicone oil coating was 
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physically stable in the presence of the studied surfactants at concentrations above their 
CMC (data not shown; see section 4.1 in chapter 5 for other details).   
The adsorption of nonionic surfactants at the air/water interface was studied using 
equilibrium surface tension measurements as a function of bulk concentration (fig. 3). All 
the plots show that the surface tension decreases to a certain concentration characteristic 
of each compound, when surface tension remains essentially constant (or decreases very 
gradually as in Pluronic® F68) with a further increase in the concentration.  The surfactant 
concentration achieving the saturation of the air/water interface i.e. CMC was determined 
from the intersection of the extrapolated linear portions of each plot. The values were 
determined to be 0.002%, 0.033% and 0.005 % for Tween® 80, Pluronic® F68, and 
Tween® 20,  respectively. Hydrophobic interactions are responsible to drive the 
adsorption of surfactants at the air/water interface. Closeness of these bulk concentrations 
providing air/water interfacial saturation (fig. 3) to that required to saturate the silicone 
oil/water interface (fig. 2) suggests that the similar hydrophobic interactions are also 
responsible for promoting adsorption of the nonionic surfactants to the silicone oil/water 
interface.   
To get information about the adsorption behavior of the surfactants at air/water interface, 
equilibrium surface tension data were analyzed using the Gibb’s adsorption equation16: 
                                              ߁ଶ   ൌ െ  1ܴܶ   
  ൬ ߜߛߜ ܮ݊ ܥ ൰்                                                   ሺ5ሻ 
where, ߁ଶ  is surface excess (mole/m2), R is gas constant, T is temperature, and ߛ is 
surface tension. This equation assumes ideal behavior at low concentrations, so the 
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concentration (ܥ) can be used instead of activity. The amount of a solute adsorbed at the 
air/water interface (surface excess) can be determined from the initial slope of surface 
tension versus natural log concentration plots for the surfactants studied (fig. 4). The area 
occupied per surfactant molecule at the air/water interface can then be determined using 
the surface excess in equation 4. Table 1 compares the interfacial adsorption data for 
surfactants at the silicone oil/water and air/water interfaces. All the surfactants, except 
Tween® 80, were calculated to have greater mass adsorbed at the air/water interface 
compared to the silicone oil/water interface. The adsorption of surfactant molecules at the 
air/water interface is associated with a greater molecular flexibility as the penetration of 
the nonpolar tail is allowed into the air. Therefore, a more compact surfactant layer with 
greater number of adsorbed molecules (higher adsorbed mass) could be expected in this 
case. Additionally, Pluronic® F68 has also been suggested to undergo a considerable 
folding of its hydrophobic poly(propylene) oxide (PPO) moieties at the air/water 
interface,17 leading to the formation of a more compact layer. This could be the reason for 
a significantly higher adsorption of Pluronic® F68 at the air/water interface. The reason 
for a reduced adsorption of Tween® 80 at the air/water interface is unclear. The fatty acid 
chain (oleic acid) in Tween® 80 consists of a double bond, forming a kink in the nonpolar 
tail.14 This makes the fatty acid chain stiffer, and hence depending on the interface, 
different orientations could be possible, leading to differences in the adsorbed mass.   
Table 1 also shows the area occupied by the surfactant molecules at the air/water and 
silicone oil/water interfaces. The area has been compared to the area of the surfactant 
monomer, calculated theoretically, in horizontal orientation, by taking into account the 
bond lengths of the groups present in the fatty acid chains or PPO unit of the surfactants 
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(groups in contact with the hydrophobic interface). For both Tween® 80 and Tween® 20, 
the experimentally measured area at the silicone oil/water and air/water interfaces was 
found to be greater than the area calculated theoretically. This suggests that the 
monomeric units of surfactants are adsorbed in loosely packed layers due to the steric 
hindrance associated with the bulky hydrophilic moieties extended in the bulk. For 
Pluronic® F68, on the other hand, the area experimentally measured at the air/water 
interface is significantly lower than the theoretically calculated area, supporting the 
earlier proposed hypothesis of PPO folding at the air/water interface. However, the area 
measured at the silicone oil/water interface for Pluronic® F68 is still larger compared to 
the theoretical value.  
4.2 Viscoelastic properties of the adsorbed layer 
Measuring resistance shifts (ΔR) in QCM provide information about the physical 
properties of the bound layer, i.e., if it is rigid or viscoelastic. A layer rigidly coupled to 
the crystal surface dissipates no energy and results in a negligible change in the R value. 
However, a viscoelastic surface layer results in a positive shift in the R value because of 
the energy dissipation associated with the viscous coupling. The ΔR for surfactant 
adsorption at the silicone oil/water interface, at or above surface saturation 
concentrations, were 2.53 ± 0.77 Ω (Tween® 80), 3.03 ± 0.52 Ω (Pluronic® F68), and 2.62 
± 0.29 Ω (Tween® 20). The same resistance shift for the protein adsorption under the 
studied condition was 0.77 ± 0.29 Ω.  Figure 5 shows the plot of ΔR/ΔF for Tween® 80 
(0.02%; 152 μM), Pluronic® F68 (0.035%; 41 μM) and Tween® 20 (0.02%; 163 μM). The 
data are shown for the concentrations achieving saturation of the silicone oil/water 
interface. For the reference, a completely viscous system could be represented by 
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deionized water where the average slope ΔR/ΔF was determined to be 0.41 ± 0.00 Ω/Hz, 
and the same slope would be zero for a completely elastic system.11 Irrespective of the 
surfactant type, at saturating bulk concentrations, the interfacially bound surfactant layers 
were found to have similar magnitude of viscoelastic character (ΔR/ΔF ~ 0.12 Ω/Hz). In 
comparison, the Fc-fusion protein studied here forms a relatively rigid layer at the 
silicone oil/water interface (ΔR/ΔF ~ 0.02 Ω/Hz). This rigidity of the bound species at the 
interface is also associated, qualitatively, to the reversibility upon rinsing associated with 
each layer at the silicone oil/water interface. Surfactants, irrespective of their type, 
showed on an average 20-25% reversibly bound portion (fig. 6) whereas, this reversibility 
was less than 10% for the relatively rigidly bound Fc-fusion protein (fig. 10). 
4.3 Protein adsorption at the silicone oil/water interface in the presence of 
surfactants 
The adsorption studies were conducted at pH 5.0 and 10 mM solution ionic strength 
because under this condition the maximum adsorption for this protein was observed at the 
silicone oil/water interface.12 Protein bulk concentration of 0.1 mg/mL was chosen as it 
was sufficient to provide interfacial saturation. For surfactants, the concentration 
achieving the saturation of the silicone oil/water interface was used. The kinetics of 
protein adsorption at the silicone oil/water interface in the presence of Pluronic® F68 has 
been shown as a representative.   
Protein adsorption following surfactant adsorption: Figure 6 shows the adsorption 
kinetics of Pluronic® F68 followed by the adsorption kinetics of the Fc-fusion protein at 
the silicone oil/water interface, as monitored by F and R shifts in the QCM signal. 
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Introduction of the surfactant led to a decrease in the frequency with a simultaneous 
increase in the resistance. The observed frequency decrease was significantly lower 
while, the rise in resonant resistance was significantly higher in magnitude than that seen 
for the adsorption of this protein to the silicone oil/water interface alone (fig. 10, 0-6000 
seconds). Upon attaining the stability in the measured F and R signals, the system was 
rinsed with the buffer which removed both the bulk surfactant molecules, as well as, any 
reversibly adsorbed molecules. This can be seen by a frequency increase and resistance 
shift recovery, both of which reached a plateau after some time. However, not all 
surfactant could be rinsed away, and on the time scale of these studies a significant 
portion of the adsorbed molecules stayed at the interface post-solvent rinsing. Such 
adsorption irreversibility of different surfactants on hydrophobic interfaces has been 
observed previously, including silicone oil/water.11,18-20 Upon protein introduction, a 
further decrease in the resonant frequency was observed which indicates the adsorption of 
protein at the interface. However, the extent of the frequency decrease was significantly 
less than that observed for the protein adsorption to the silicone oil/water interface in the 
absence of any surfactant (~40 Hz; fig. 10, 0-6000 seconds). The data suggest that the 
presence of pre-adsorbed surfactant at the interface leads to a reduction in protein 
adsorption.  On rinsing the system with the solvent, a slight frequency increase along 
with a negligible resistance decrease was observed which is attributed to the desorption 
of weakly adsorbed protein molecules (upon rinsing, the resistance drop for the adsorbed 
protein layer is negligible (fig. 10, 0-6000 seconds) while, it is significant for the 
surfactant (fig. 6, 0-5000 seconds)). The final resistance value at the end of the 
experiment (~1.85 Ω) is still significantly higher than that seen with the protein 
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adsorption to the interface alone (0.77 ± 0.29 Ω), suggesting that protein did not cause a 
significant displacement of the surfactant molecules from the silicone oil/water interface.  
Figure 7 compares the equilibrium adsorption of the Fc-fusion protein at the silicone 
oil/water interface in the absence and presence of the pre-adsorbed surfactant. In the 
presence of surfactant, the data are also distinguished on the basis whether the adsorbed 
surfactant layer was rinsed or not prior to protein introduction. Each surfactant, when 
already present at the silicone oil/water interface, showed a significant reduction in 
protein adsorption to the interface, as compared to the adsorption in the absence of the 
surfactant. All the surfactants, at saturation concentration, were found to be 
approximately equally effective in preventing protein adsorption to the silicone oil 
surface. It can be seen that for Tween® 80 and Tween® 20, there were no significant 
difference in the amount of  adsorbed protein whether the pre-adsorbed surfactant was 
rinsed with buffer or not. However, for Pluronic® F68, there was a higher mass of protein 
adsorbed when the surfactant was rinsed prior to protein introduction. Desorption of 
Pluronic® F68, upon rinsing, would create a larger interfacial vacancy compared to 
desorption of Tween® 80 or Tween® 20 (Pluronic® F68 being a significantly bigger 
molecule), allowing more protein to adsorb.   
Protein-surfactant co-adsorption: In the co-adsorption mode, where the adsorption was 
studied from a mixture of protein and surfactant, the aim was to investigate if surfactants 
have any role in preventing protein adsorption to the silicone oil/water interface by 
binding to the nonpolar groups on the protein surface. Figure 8 shows the kinetics of 
adsorption at the silicone oil/water interface when a solution containing protein            
(0.1 mg/mL) and Pluronic® F68 (0.035% w/v) was added. The magnitude of observed 
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frequency shift is similar to the protein adsorption to the interface alone (~40 Hz), and is 
also similar to the total frequency shift caused by surfactant adsorption followed by 
protein adsorption to the interface (fig. 6). However, the accompanied increase in the 
resonant resistance (2.64 Ω) is a characteristic of Pluronic® F68 adsorption (3.03 ± 0.52 
Ω). On the other hand, the frequency decrease at equilibrium is significantly greater in 
magnitude than that observed for Pluronic® F68 adsorption to the interface alone (fig. 6; 
0-2000 seconds). This suggests that both Pluronic® F68 and the protein are adsorbed at 
the interface when a mixture is used. Similar adsorption behavior was seen previously 
with a mixture of poloxamer 188 (Pluronic® F68) and protein (abatacept) to the silicone 
oil.18 Figure 9 shows the amount of surface active species adsorbed at equilibrium to the 
silicone oil/water interface, when studied from a mixture of fusion protein (0.1 mg/mL) 
and Tween® 80 (0.02%), Pluronic® F68 (0.035%), or Tween® 20 (0.02%). The figure 
shows the total mass of the species adsorbed to the interface and does not differentiate 
between the amount of protein and the surfactant. The total mass adsorbed to the silicone 
oil/water interface at equilibrium for all the surfactants, within experimental error, was 
observed to be equal to that seen for protein adsorption to the interface in the absence of 
any surfactant. In all the cases, when a mixture of protein and surfactant was introduced 
in to the system, the observed resistance increase was a characteristic of the surfactant 
adsorption (> 2.5 Ω) suggesting that both protein and the surfactant adsorbed to the 
interface.     
Surfactant adsorption following protein adsorption: The effect of nonionic surfactants on 
the pre-adsorbed protein layer at the silicone oil/water interface was also studied. Figure 
10 shows the kinetics of protein adsorption at the silicone oil/water interface, which is 
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followed by the buffer rinse, and then the introduction of Pluronic® F68. The adsorption 
of the protein results in a significantly larger resonant frequency decrease and a much 
smaller crystal resonant resistance increase in comparison to Pluronic® F68 adsorption to 
the silicone oil alone (fig. 6; 0-2000 seconds). After rinsing the system containing the 
adsorbed protein, addition of 0.035% w/v Pluronic® F68 led to a further decrease in the 
crystal resonant frequency, indicating an increase in the adsorbed mass because of 
Pluronic® F68 adsorption. Nevertheless, the magnitude of the frequency decrease was 
significantly less than that observed for Pluronic® F68 adsorption to the silicone oil/water 
interface alone. Rinsing the system once a plateau in the QCM signals is achieved led to 
an increase in the crystal resonant frequency accompanied by a decrease in the resonant 
resistance, characteristic of desorption of reversibly adsorbed Pluronic® F68 molecules. 
Since the frequency shift observed at the end of this experiment was much larger in 
magnitude than for Pluronic® F68 adsorption alone to the interface, it suggests that on the 
time scale of our studies surfactant was not able to displace the protein molecules from 
the silicone oil/water interface.  
The adsorption of protein molecules onto the hydrophobic interfaces is governed by two 
major factors: (i) the removal of structured water around the nonpolar groups on the 
protein (also, on the sorbent surface) upon adsorption, and (ii) the structural 
rearrangements that are possible in the protein molecules at the interface.21 Both the 
factors result in a large gain in the system entropy. In the bulk solution, the collapse of 
polypeptide chain into a compact native state is accompanied by a considerable loss of 
the conformational entropy. The dehydration of the nonpolar surface groups and the 
resulting entropy gain outweighs this entropy loss resulting in a compact structure which 
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is only marginally stable. However, once the protein is bound to the hydrophobic 
interface through the nonpolar residues present on its surface, it not only removes those 
nonpolar groups from water exposure, but now can also change its structure to the large 
volume denatured state, gaining the lost conformational entropy. This further leads to a 
stronger and irreversible binding at the interface. This protein has shown to bind rigidly 
and irreversibly to the silicone oil/water interface (low ΔR/ΔF value; fig. 5, and small 
recovery of the frequency shift upon buffer rinse; fig. 10) resulting in the inability of the 
surfactant to displace the interfacially adsorbed protein molecules.  
Further reduction in the crystal resonant frequency upon introduction of the surfactant 
following protein adsorption was observed with each surfactant used. This reduction in 
the frequency could be attributed primarily to the surfactant adsorption at the empty sites 
between the interfacially adsorbed protein molecules. This is supported by the measured 
frequency shifts upon the introduction of surfactants post-protein adsorption. Frequency 
decrease caused by either Tween® 80 (12.34 ± 2.35 Hz) or Tween® 20 (11.52 ± 1.95 Hz) 
was significantly higher as compared to Pluronic® F68 (5.17 ±1.97 Hz). This is consistent 
with the significantly larger size of Pluronic® F68 which would not allow it to permeate 
all the available vacancies in the adsorbed protein layer, though still accessible to the 
smaller sized Tween®.   
4.4 Protein-surfactant binding studies   
The total amount of the surface active species adsorbed to the silicone oil/water interface 
in the co-adsorption mode (fig. 9) suggests that the protein adsorption is not significantly 
affected with surfactant as a part of the adsorbing mixture. It points towards the 
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possibility of the absence of any binding between the protein and surfactant in the bulk 
solution. Therefore, we measured the binding between the studied protein and surfactants 
with the dynamic surface tension studies using maximum bubble pressure technique. A 
pre-optimized bubble rate of 0.2 bubbles/second (surface age - 5 seconds) was chosen 
where only the surfactant contributed to a reduction in the surface tension and not the 
protein (preliminary data, not shown). Figure 11 shows dynamic surface tension curves 
generated for Tween® 80, Pluronic® F68 and Tween® 20 in the absence and presence of 
5.0 µM Fc-fusion protein, as a function of surfactant concentration at 25.0 ± 0.1 oC. In 
pure buffer, as the concentration of the surfactant in the solution increases, the surface 
tension decreases with two slopes, an initial steep and a latter shallow. When the same 
titrations are made in a solution containing Fc-fusion protein, no significant changes in 
the surface tension values are observed. This suggests the absence of binding between the 
protein and surfactants used in this study. 
Surfactant binding to protein through hydrophobic sites is one of the mechanisms by 
which interfacial protein adsorption could be prevented.10 Since the binding between 
protein and the surfactants, as measured above, is weak, the adsorption of the protein to 
the interface is not expected to be significantly affected. This is consistent with the 
protein adsorption data at the silicone oil/water interface in the co-adsorption mode where 
a significant amount of protein still adsorbed to the interface (though contribution from 
the interfacially adsorbed surfactant was also seen because of the higher diffusion of 
smaller surfactant molecules) (figs. 8 and 9). The binding of surfactant to a protein 
depends on the surface hydrophobicity of the protein. However, fluorescence studies 
using either ANS (8-anilino-1-naphthalenesulfonic acid) (fig. 12) or PRODAN (6-
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propionyl-2-dimethylaminonaphthalene) dye, with increasing Fc-fusion protein 
concentration, showed slight blue shifts, and small and gradual increase in the 
fluorescence intensities. The results for ANS fluorescence shifts with BSA, a protein 
which is known to have hydrophobic patch on its surface, are also shown for comparison. 
In contrast to Fc-fusion protein, a significantly greater blue shift in emission (516 nm in 
pure buffer to 474 nm with protein) and a much higher increase in the fluorescence 
intensity with increasing protein concentration were seen with BSA, which is consistent 
with its hydrophobic surface. These results suggest the absence of any significant 
hydrophobic patch on the surface of the Fc-fusion protein so that a quantifiable signal 
could be obtained in the presence of either, the surfactant molecules (dynamic surface 
tension) or the dye molecules (fluorescence). This raises an interesting point that how 
does the adsorption of such a relatively hydrophilic protein molecule proceeds at the 
hydrophobic silicone oil/water interface. Interfacial pressure studies for different proteins 
at the air/water interface using Langmuir trough have shown that irrespective of the 
protein size, only a small portion of the protein needs to enter the interface for the 
adsorption to proceed spontaneously.22 The cross sectional area of the proteins studied 
ranged from ~1000 to 10,000 Å2, however, the area required for each protein to enter the 
interface was within the narrow range of 100 to 175 Å2. This suggests that proteins can 
just get hold of the interface even if there are few nonpolar side chains located on its 
surface. This will be followed by the time dependent changes in protein orientation and 
its conformation.1 
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5. Conclusions 
Similar hydrophobic forces were found to be responsible for the adsorption of Tween® 
80, Pluronic® F68, and Tween® 20 to the silicone oil/water interface as seen by the 
similar bulk concentrations needed to saturate the air/water and silicone oil/water 
interfaces. All the adsorbed surfactant layers showed similar viscoelastic properties at the 
silicone oil/water interface, but had a significantly greater viscous character than the 
adsorbed protein layer. Surfactants were equally effective in reducing the protein 
adsorption to the silicone oil/water interface when present at the interface as pre-adsorbed 
species. On the time scale of the studies, surfactants were not able to displace the 
adsorbed protein from the silicone oil/water interface. Dynamic surface tension studies 
suggested absence of any significant binding between the protein and surfactants. The 
binding of surfactant to protein, hence, should not be a mechanism to reduce protein 
adsorption at the silicone oil/water interface, which was evident in the protein-surfactant 
co-adsorption studies. 
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8. Figures and Tables 
 
(a) 
 
(b) 
 
(c) 
 
Figure 1: Chemical formula of the nonionic surfactants used: (a) Tween® 80, (b) Tween® 
20, and (c) Pluronic® F68. 
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Figure 2: Adsorption isotherms for the nonionic surfactants, Tween® 80, Pluronic® F68, 
and Tween® 20 at the silicone oil/water interface using QCM at 25.0 oC (n ≥ 2). Solid 
lines are the Langmuir fit to the data. 
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Figure 3(a): Equilibrium surface tension data obtained for Tween® 80 using platinum-
iridium du-Noüy ring at 24.0 ± 0.5 oC (n = 2).  
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Figure 3(b): Equilibrium surface tension data obtained for Pluronic® F68 using platinum-
iridium du-Noüy ring at 24.0 ± 0.5 oC (n = 2).  
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Figure 3(c): Equilibrium surface tension data obtained for Tween® 20 using platinum-
iridium du-Noüy ring at 24.0 ± 0.5 oC (n = 2).  
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Figure 4: Plot of surface tension versus the bulk concentration for the aqueous solution 
of Tween® 80, Pluronic® F68, and Tween® 20. As per Gibbs adsorption isotherm, surface 
excess is the slope of the falling portion of the curve.  
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Figure 5: Viscoelastic properties of the adsorbed layer of the Fc-fusion protein 
(0.1mg/mL), Tween® 80 (0.02%), Pluronic® F68 (0.035%), and Tween® 20 (0.02%), in 
comparison to a completely viscous and an elastic system as measured using QCM with  
5 MHz silicone oil coated quartz crystal at 25.0 oC. 
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Figure 6: Time course of frequency and resistance changes as observed for Pluronic® 
F68 and Fc-fusion protein adsorption in sequential mode at pH 5.0 and 10 mM solution 
ionic strength to the silicone oil/water interface with QCM at 25.0 oC. 
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Figure 7:  Amount of the Fc-fusion protein adsorbed at equilibrium to the silicone 
oil/water interface, as calculated from the parameters measured using QCM, in the 
presence of nonionic surfactants as a pre-adsorbed species (rinsed and unrinsed) at pH 5.0 
and 10 mM solution ionic strength and 25.0 oC (n ≥ 2). 
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Figure 8: Time course of frequency and resistance changes as observed for the Pluronic® 
F68 and Fc-fusion protein co-adsorption at pH 5.0 and 10 mM solution ionic strength to 
the silicone oil/water interface with QCM at 25.0 oC. 
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Figure 9:  Total mass of the surface active species adsorbed at equilibrium to the silicone 
oil/water interface from a mixture of Fc-fusion protein and surfactant (co-adsorption 
mode), as calculated from the parameters measured using QCM at pH 5.0 and 10 mM 
solution ionic strength and 25.0 oC (n ≥ 2).  
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Figure 10: Time course of frequency and resistance changes as observed for the Fc-
fusion protein and Pluronic® F68 adsorption in sequential mode at pH 5.0 and 10 mM 
solution ionic strength to the silicone oil/water interface with QCM at 25.0 oC. 
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Figure 11(a): Dynamic surface tension measurements using maximum bubble pressure 
method for Tween® 80 in the absence and presence of Fc-fusion protein (5.0 μM) at       
25.0 ± 0.1oC (n ≥ 2).  
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Figure 11(b): Dynamic surface tension measurements using maximum bubble pressure 
method for Pluronic® F68 in the absence and presence of Fc-fusion protein (5.0 μM) at     
25.0 ± 0.1oC (n ≥ 2).  
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Figure 11(c): Dynamic surface tension measurements using maximum bubble pressure 
method for Tween® 20 in the absence and presence of Fc-fusion protein (5.0 μM) at       
25.0 ± 0.1oC (n ≥ 2).  
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Figure 12: Change in the fluorescence intensity of ANS (8-anilino-1-naphthalenesulfonic 
acid) as a function of protein concentration at pH 5.0 and 10 mM ionic strength for (a) 
Fc-fusion protein and (b) BSA. Emission scans were obtained in 400-650 nm range after 
excitation at 375 nm. Average of 10 scans is plotted for different protein concentrations. 
For each study ANS was used at a constant concentration of 40 µM. Note the scale of Y-
axis in each graph.   
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Table 1: Comparison of adsorption parameters for Tween® 80, Pluronic® F68, and 
Tween® 20 obtained at the silicone oil/water interface (using Langmuir model) and the 
air/water interface (using Gibbs adsorption isotherm) (SO/W: silicone oil/water interface; 
A/W: air/water interface) (appendix II). 
Surfactant (HLB; MW) 
Mass adsorbed 
(ng/cm2) 
SO/W               A/W 
Area occupied/molecule (Å2) 
 
Theoretical        SO/W             A/W 
      Tween® 80 (15;1310) 254 227 56 86 96 
Pluronic® F68 (24;8400) 380 642 331 367 217 
      Tween® 20 (16.7;1228) 223 314 40 91 65 
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Chapter 7 
 
Summary and Future Directions 
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Silicone oil has been widely used as a lubricant coating in pharmaceutical drug storage 
and delivery containers. The coated silicone oil in contact with the liquid formulation 
phase presents an interface that is hydrophobic in nature. This is a concern for protein 
formulations stored in these containers/devices because proteins have been shown to lose 
their active structure upon adsorption to the hydrophobic interfaces. This can result in 
bulk protein aggregation in the long term. There is evidence in the literature that 
interactions of proteins with the silicone oil are involved in stability problems in 
biopharmaceuticals. However, the factors that can influence these interactions are not 
completely understood. Therefore, a better understanding of the protein-silicone oil 
interactions at a fundamental level is important to the rational use of silicone oil coatings 
in the lubricated containers. Thus, the objective of this work was to mechanistically 
investigate the factors that can affect the interactions of a protein to the silicone oil using 
a static silicone oil/water interface.  
 
A review discussing the silicone oil induced incompatibilities in protein formulations was 
presented in Chapter 2.  To understand the protein-silicone oil interactions from a 
fundamental perspective, a theoretical description of the protein adsorption to 
hydrophobic interfaces and the resulting protein denaturation was provided. The forces 
involved and the factors that can affect this protein adsorption phenomenon were also 
reviewed. Based on this description, discussion about the interactions of protein with the 
silicone oil was made.   
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The role of processing parameters (temperature of curing, amount of silicone applied, and 
the silicone viscosity grade) for improving the stability of silicone oil coating against 
physical leaching was shown in Chapter 3.  The results showed that coating a surface 
with excess amount of silicone oil (especially lower viscosity grades) can result in a 
significant leaching of the silicone oil in the bulk.  A film with an improved stability 
against this leaching requires application of an optimized amount of silicone oil at the 
surface, as shown in these studies. The physical stability of silicone oil films at the 
surface can also be improved by using a silicone oil grade with higher viscosity. A 
qualitative relation was observed between the viscosity of silicone oil and its tendency to 
leach into the bulk, with higher viscosity silicone oils resulting in a significantly reduced 
leaching. This study provided the first step towards a fundamental understanding of 
silicone oil leaching observed in biopharmaceutical containers by using silicone oil 
coated quartz crystals to mimic the lubricated container surface. The work demonstrated 
the requirement of an extensive optimization of the variables related to silicone oil and 
the coating process against the desired lubrication to obtain coated containers less prone 
to leach silicone oil, when in contact with the bulk formulation phase.  
 
Chapter 4 described the effect of formulation variables such as bulk protein 
concentration, solution pH and solution ionic strength on the interactions of a Fc-fusion 
protein with the silicone oil. In comparison to dynamic systems (silicone oil emulsions) 
used in literature, this study utilized a static silicone oil/water interface mimicking the 
lubricated syringe surface in contact with the liquid formulation phase. Since the amount 
of protein that binds to an interface is low, for the first time the technique of quartz 
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crystal microbalance was utilized to study the interactions of a fusion protein at the 
silicone oil/water interface. The interfacial adsorption of the protein occurred rapidly and 
in a monolayer pattern. The protein adsorption was irreversible to a significant extent. At 
a low ionic strength of 10 mM, the amount of protein adsorbed was a function of solution 
pH with maximum protein adsorption observed at pH 5.0 (close to protein’s isoelectric 
point) and decreased as the pH shifted away from this condition. The effect of solution 
pH diminished upon increasing the ionic strength to 150 mM. The data suggested that 
both electrostatic and hydrophobic forces are involved in governing the adsorption of this 
protein to the silicone oil/water interface. 
 
The work presented in Chapter 5 investigated the competitive interactions of Tween® 20 
and a Fc-fusion protein at a static silicone oil/water interface. Tween® 20 adsorbed to the 
interface as a monolayer with adsorption being irreversible to a significant extent. In 
comparison to the adsorption of protein, Tween® 20 adsorption occurred with a film of 
significantly greater viscous character as concluded from the shift in the resistance 
values. Protein adsorption to the silicone oil/water interface reduced significantly when 
Tween® 20 was present as a pre-adsorbed species at the interface. However, on the time 
scale of these studies, Tween® 20, when introduced post protein adsorption, was not able 
to displace the interfacially adsorbed protein. These results suggested the strong 
interactions of this protein with the silicone oil, probably associated with the 
conformational changes in the protein upon interfacial adsorption. Both, protein and 
Tween® 20 adsorbed to the silicone oil when adsorption was studied from a mixture of 
protein and Tween® 20.  
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A comparative effect of three commonly used nonionic surfactants, Tween® 80, 
Pluronic® F68 and Tween® 20 on the protein-silicone oil interactions was evaluated in 
Chapter 6. The saturation of the air/water interface (surface tension measurements) and 
the silicone oil/water interface (mass adsorbed calculated using the frequency and 
resistance shifts in QCM) was found to occur at similar bulk surfactant concentrations. 
Since the adsorption of surfactants at the air/water interface is driven by hydrophobic 
forces, the results from adsorption isotherms suggested that the similar hydrophobic 
interactions are also responsible for promoting surfactant adsorption at the silicone 
oil/water interface. Each studied surfactant adsorbed as a monolayer at the silicone 
oil/water interface. At saturation, the monolayer of the surfactants had a similar 
magnitude of interfacial viscoelasticity and was significantly lower than that of the 
adsorbed protein layer. All surfactants, when present before the introduction of the 
protein, were equally effective in reducing the protein adsorption to the silicone oil/water 
interface. No desorption of the protein molecules was seen upon surfactant introduction. 
Results from co-adsorption mode studies indicated the absence of protein-surfactant 
binding as the mechanism in affecting the interfacial protein adsorption. The lack of any 
measurable binding observed between protein and surfactant in bulk supported this 
hypothesis. 
Future directions 
This work provided a fundamental understanding of generating a stable silicone coating, 
and the adsorption behavior of a fusion protein at the silicone oil/water interface under 
different formulation conditions. However, further work is required to investigate the 
effect of silicone amount and viscosity on the syringe lubrication, effect of protein 
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formulation on the long term stability of silicone coatings, and the relation between 
amount of interfacially adsorbed protein and the long term bulk aggregation. The 
following are the proposed studies which will help to gain further insights into the 
silicone oil induced instabilities in the protein molecules: 
 
1. Effect of silicone oil on lubrication: The present work investigated the optimization 
of the amount of silicone oil applied at the surface and its effect on leaching. Higher 
viscosity grades of silicone oil showed improved coating stability. The effect of various 
parameters on the lubrication of syringe surface needs to studied extensively, before a 
recommendation about generating a stable silicone oil film, by controlling the silicone oil 
related parameters, could be made. This will require coating glass syringes and plunger 
tips with different silicone amounts and viscosities, and study the lubrication properties 
such as break-loose and glide forces using instruments such as Instron Universal Testing 
System. 
 
2. Effect of protein formulation on the silicone coating stability:  The leaching of 
silicone oil from surface coating could occur due to the presence of surface active species 
in a formulation such as protein and surfactants. Therefore, it is important to test the 
stability of the coating over different periods of time in the presence of protein 
formulations, including different pH and ionic strength conditions.  
 
3. Long term protein aggregation in the presence of silicone oil:   To find how the 
protein adsorption is related to protein instability observed in the long term, the physical 
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stability of the protein should be investigated in the presence of silicone oil. The studies 
should consist of silicone oil as a static interface with different formulations to mimic 
lubricated syringe surface. Additionally, silicone oil dispersions could be used to look at 
the effect of leached silicone oil on the protein aggregation over a period of time. Then, a 
comparison of protein stability in the static versus dynamic silicone oil/water systems can 
be made. A correlation between the amount of protein adsorbed and its aggregation 
would help in utilizing protein adsorption as an early stage formulation development tool 
for the identification of potential protein instability caused by silicone oil in the long 
term.  
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APPENDIX I 
 
 
Long Term Protein Desorption Studies using X-ray Photoelectron Spectroscopy  
In the earlier chapters, adsorption studies for the Fc-fusion protein at the silicone 
oil/water interface were carried out using QCM. Upon solvent rinsing and on the time 
scale of those studies (~2-3 hours), there was < 10% reversibility associated with the 
interfacially adsorbed protein molecules. This implied that a significant portion of the 
protein remain irreversibly bound to the interface.  However, if we increase the exposure 
time of the adsorbed protein to the buffer, will the protein desorb?  Therefore, desorption 
of the protein over long term was studied by incubating the silicone substrate with 
adsorbed protein in the solvent for variable period of time. Protein desorption was 
monitored using the technique of X-ray photoelectron spectroscopy (XPS).  
A1. Silicone substrate 
Silicone oil coated glass can be used to study the long term protein desorption. However, 
before protein adsorption/desorption studies could be performed, the integrity of the 
silicone coating in the solution should be established for the proposed study period. Use 
of XPS for confirming the coating stability on glass surface is a challenging task. This is 
because of the presence of same elements in the glass and silicone oil (Si and O). The 
binding energies of the two elements in the glass and silicone oil are close, which adds 
complication to the data analysis. Moreover, it is possible that in the presence of a 
protein, silicone oil may leach from the glass surface, bringing the adsorbed protein 
molecules with itself into the bulk. This artifact will be counted as a sign of protein 
desorption, and cannot be easily separated from the actual protein desorption from the 
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silicone. Therefore to overcome the problems mentioned above, alternatives such as 
cured PDMS (C-PDMS) were explored. C-PDMS can be fabricated using a mixture of 
commercially available silicone base (Sylgard® 184; Dow Corning, MI) and a curing 
agent.  In terms of its chemical structure, the base consists of 60 repeating units -
OSi(CH3)2– terminating with vinyl groups. The curing agent on the other hand, has about 
ten repeating units with periodic silicon hydride –OSiHCH3– groups. Upon curing, the 
base and curing agent crosslink to form a structure which has varying numbers of –
OSi(CH3)2– units, equivalent to present in the original reactants, along with 
trimethylsiloxy as the terminating group (fig. A1). Chemically, this species is same as 
silicone oil but cross linked which causes it to cure.  
A2. Comparison of surface properties of the silicone oil and C-PDMS 
To test and compare the surface properties of the C-PDMS with the silicone oil, water 
contact angle and XPS measurements were performed. Contact angle gives information 
about the surface hydrophobicity of a material, while XPS can give information about the 
elemental composition of a surface. Figure A2 shows the contact angle data for the glass 
coated with silicone oil (1 million cSt) and C-PDMS. Data for blank glass surface are 
also shown for the comparison. In comparison to pure glass, coating the glass with 
silicone increases the surface hydrophobicity significantly, as seen by the increase in the 
water contact angle. C-PDMS was found to have a similar contact angle as for the PDMS 
coated glass, indicating the similar surface hydrophobicity of the two surfaces. Figure A3   
compares the survey spectra for the C-PDMS with the silicone oil (1 million cSt PDMS) 
as obtained from the XPS studies. It can be seen that, within error, the percent surface 
composition of the two materials are equivalent, as seen from the ratio of C: O: Si 
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(~2:1:1). The results from the above two studies indicate that C-PDMS could reliably be 
used as a substitute for the silicone oil to study the long term protein desorption.   
A3. Long term protein desorption studies  
Figure A4  shows the XPS survey spectrum for the C-PDMS which was incubated in the 
Fc-protein solution (1 mg/mL; pH 5.0 and 10 mM ionic strength) for 6 days (no 
difference, with in experimental error, was seen for the nitrogen signal for the samples 
incubated in the protein solution for 24 hours to up to 6 days). The appearance of 
nitrogen (N) signal is an indicator of the adsorbed protein (compare with pure PDMS; fig. 
A3). This is accompanied by a decrease in the silicon (Si) signal. These N and Si signals 
from protein containing C-PDMS were monitored upon static incubation in the buffer 
over different days (fig. A5). A decrease in N: Si signal would be considered a sign of 
protein desorption. Over a period of 28 days (4 weeks), no significant desorption of the 
protein molecules could be seen as suggested by the elemental signal changes. These 
results are in agreement with previous literature reports, where, over a period of many 
days, negligible protein desorption was seen in the pure solvent. Though desorption was 
not observed in pure solvent, dynamic exchange of the adsorbed protein molecules with 
the bulk molecules in a solution cannot be denied, as has been seen in the earlier studies 
using labeled protein molecules (chapter 2, section 5.4).   
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Figure A1: Chemical formula for the cured PDMS (C-PDMS). 
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Figure A2: Static water contact angles for the glass, silicone oil coated glass, and C-
PDMS. The measurements were performed using a contact angle goniometer (ramé-hart 
model 100-00). Glass was coated with 1 million cSt PDMS (~ 900 ng/cm2) and dried at 
100 oC for 2 hours. C-PDMS was a 10:1 mixture of silicone base (Sylgard® 184) and a 
curing agent, respectively. The mixture was kept in vacuum for 45 minutes to remove 
entrapped air bubbles, followed by heating at 150 oC for 15 minutes to complete the 
curing process.  
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Figure A3(a): Survey spectrum for the silicone oil (1 million cSt PDMS). The spectrum 
is an average of 30 scans and collected at a step size of 1 eV with a pass energy of 100 
eV.  
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Figure A3(b): Survey spectrum for C-PDMS. The spectrum is an average of 56 scans 
and collected at a step size of 1 eV with a pass energy of 100 eV.  
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Figure A4: Survey spectrum for C-PDMS with the surface adsorbed Fc-fusion protein.  
The spectrum is an average of 31 scans and collected at a step size of 1 eV with a pass 
energy of 100 eV.  
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Figure A5: Ratio of nitrogen to silicon (N: Si), as meaured by XPS, for C-PDMS with 
surface adsorbed Fc-fusion protein upon buffer incubation as a function of time (n = 3). 
C-PDMS polymer was cut in to 0.5 cm x 0.5 cm pieces and incubated separately in           
1 mg/mL protein solution for 6 days. After 6 days, 3 substrate surfaces were analyzed 
(day 0) and others were transferred to the pure buffer. On the respective days, buffer 
exposed substrate samples were taken out for analysis and the rest were moved to the 
fresh buffer until the next analysis. The studies were conducted at the room temperature 
(~22 oC). Each sample was exposed to the X-ray only once.  
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Appendix II 
Interfacial Surfactant Adsorption Calculations: Pluronic® F68 
1. Silicone oil/water interface: Langmuir model 
஼
∆௠ ൌ  
஼
∆௠೘ೌೣ ൅
ଵ
ሺ∆௠೘ೌೣ௄ೌ೏ೞሻ (Langmuir equation)
 
Δmmax (g/cm2) = 1/slope (C/Δm vs C) = 1/(2.63×106) = 3.80×10-7  (avg. experimental value 
at saturation using QCM - 384 ng/cm2) 
Area occupied/molecule = 
ଵ଴భల
ேಲכ ∆௠೘ೌೣ ሺ୫୭୪ୣୱ/ୡ୫మሻ  = 
1016/((6.023×1023)(3.80×10-7/8400)) = 367.11 Å2 
2. Air/water interface: Gibbs adsorption isotherms 
dγ/dLnC = Slope (surface tension (γ) vs Ln C); chapter 6, fig. 4 = -1.8921 
Γ = (-1/RT)(dγ/dLnC)T = 7.64×10-7 mole/m2 = 6.42×10-7 g/cm2 
Area occupied/molecule = 
ଵ଴మబ
ேಲכ ∆௠೘ೌೣ ሺ୫୭୪ୣୱ/୫మሻ   =   
1020/((6.023×1023)(7.64×10-7)) = 217.40 Å2 
 
y = 2632.3x + 0.038
R² = 0.9996
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